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SUMMARY 


.'i 


A.  General 


In  order  to  gain  more  understanding  of  the  effects  of  crosslinking 
on  the  mechanical  properties  of  hIgh-T  polymers,  a fundamental  study  of 
the  role  of  crosslink  density,  dtstrlbatton  of  segment  lengths  between 
crosslinks,  and  network  Imperfections  was  begun.  A dual  approach  was 
selected:  (1)  the  preparation  and  study  of  novel  model  networks  based  on 
the  use  of  (a)  soeclal  graft-type  polymers  (Bamford  networks)  and  (b) 
Interpenetrating  polymer  networks  (Ml  Mar-type  IPN's),  and  (?>.  the 
preparation  and  study  of  epoxy/dlamlne  networks.  Although  i model 
systems  are  not  of  Interest  per  se  as  materials,  they  offei  le  possibility 
of  easily  varying  network  characteristics  and,  In  some  cases,  morphology. 

Of  the  two  models  attempted,  the  Bamford  approach  proved  to  be  Impractical. 
However,  the  IPN  system  (based  on  polystyrene)  proved  to  be  facile  and 
capable  of  modeling  some  aspects  of  the  two-phase  morphology  now  known  to 
exist  In  many  thermosetting  blgh-T  polymers.  The  epoxy/dtamlne  system 
was  selected  because  rosins  of  this  type  are  of  practical  Interest.  Though 
the  epoxy  networks  are  Inherently  more  limited  In  controlled  network  varia- 
tion than  the  models,  the  epoxies  also  proved  to  be  capable  of  demonstratl ng 
the  effects  of  Interest. 

B.  Model  Networks 


Two  model  networks  were  Investigated  during  the  course  of  the  present 
contract: 

(1)  The  synthesis  of  AB  crossl inked  copolymers  (Bamford  networks)  was 
attempted.  The  basic  Idea  was  to  prepare  an  Idealized  crossl Inked  poly- 
styrene that  contained  two  Independent  M 's,  and  a controllable  number  of 
free  chains  and  chains  bound  to  the  network  at  one  end,  A new  monomer,  the 
mixed  anhydride  of  trichloroacetic  acid  and  acrylic  acid,  was  required, 

(2)  Millar  Interpenetrating  polymer  networks  based  on  polystyrene/ 

polystyrene  were  synthesized.  The  crosslink  level  of  each  network  could  be 

varied  Independently,  to  produce  another  model  thermoset  plastic  with  two 

M va I ues . 
c 

Work  was  discontinued  on  the  synthesis  of  the  Barrford-type  networks  In 
June,  1976,  after  It  was  shown  to  be  too  difficult  to  purify  the  crude  mixed 
anhydride  required.  An  alternate  model  system  was  therefore  sought  to  inves- 
tigate ths  behavior  of  Irregularly-formed  polymer  networks. 

The  new  system  selected  was  a polystyrene/polystyrene  Millar 
Interpenetrating  polymer  network.  An  IPN  Is  synfheslzed  by  first 
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polymerizing  a cross  I Inked  polymer  I network,  then  swelling  In  monomer  II 
plus  crosslinker  and  activator,  and  polymerizing  monomer  II  jj]^  sj_tu. 

When  both  polymers  arci  Identical,  the  product  Is  designntod  a Millar  IPN 
(named  after  the  researcher  who  first  described  these  materials).  In  the 
present  study,  the  crosslinker  (divinyl  benzene)  level  of  the  two  networks 
was  varied  Independently,  with  emphasis  on  crossl Inker  levels  of  0$, 

0.4^,  and  Single  polystyrene  networks  were  made  for  comparison. 

^ The  ergep  behavior  of  the  materials  was  Investigated  In  the  range  of 
60  C to  120  C,  thus  covering  the  range  from  glassy  behavior  through  the 
glass-rubber  transition.  Master  curves  were  prepared  and  the  shift  factors 
compared  with  each  other  and  with  values  predicted  from  the  WLF  (WIMIams- 
Landel-Ferry)  equation.  In  each  case,  the  Millar  IPN's  were  found  to  creep 
In  a manner  much  more  like  the  polymer  I single  network  than  the  single  net- 
work having  the  Identical  average  overall  crosslink  level. 


Swelling  studies  on  the  several  Millar  IPN's  and  single  networks 
were  carried  out  and  analyzed  via  the  Flory-Rehner  equation  to  yield  M^, 
the  average  crosslink  density.  In  each  case  again,  the  swelling  behavior 
was  closer  to  the  polymer  I behavior  than  to  the  overal l-average.  The  same 
was  true  for  the  rubbery-plateau  modulus,  Ep,  analyzed  via  the  theory  of 
rubber  elasticity  to  also  yield  M^,. 

The  Inference  was  drawn  that  the  behavior  could  be  explained  by 
assuming  that  network'  I was  more  edntinuous  In  space  than  network  II. 

While  this  Is  wel l*establ Ished  for  IPN's  where  the  two  polymers  differ, 
this  was  an  unexpected  finding  here,  but  a finding  probably  relevant  to  the 
gelation  of  a thermosetting  system.  Indeed  such  a model  was  proposed 
speculatively  many  years  ago  by  Bobalek. 

• On  another  IPN  research  program,  an  equation  had  been  derived  by 
Donatelll,  et  al.  to  determine  the  phase  domain  size  in  IPN's  as  a function 
of  the  weight  fraction  of  each  polymer,  the  crosslink  density  of  network  1, 
and  the  Interfaclal  tension  between  the  two  polymers  (the  latter  bes'ng  zero 
for  a Millar  IPN).  Use  of  the  Donatelll  equation  led  to  a prediction  of 
domain  sizes  of  60-IOOS  for  polymer  II. 

To  verify  this  prediction,  special  samples  of  the  poly sty rune/ poly- 
styrene Millar  IPN's  were  prepared,  with  one  component  containing  a trace 
of  Isoprene,  which  war.  subsequently  stained  with  osmium  tetroxlde  to  develop 
staining  suitable  for  electron  microscopy  using  300X  thick  specimens.  The- 
results  confirmed  predictions!  domains  of  sl+gtitly  less  than  1008  were 
observed,  with  polymer  I tending  to  be  more  continuous  than  polymer  II. 

The  value  of  the  above  experiment  lies  In  Its  probable  application 
to  other  networks.  It  has  long  been  known  that  certain  single  networks  may 
such  as  epoxies  and  polyesters  may  develop  greater  or  lesser  domain  for- 
mation during  polymerization  (curing).  The  systematic  finding  of  segre- 
gation In  the  above  experiment  suggests  that  perhaps  In  many  single  networks 
also,  the  earlier  polymerized  monomer  or  prepolymer  may  form  a more  con- 
tinuous structure  than  the  latter  polymerized  monomer. 
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C.  Epoxy  Networks 

Several  series  of  blsphenol-A-based  epoxy  resins  were  prepared 
using  me+hylene  dtanlllne  as  curing  agent.  Essentially  complete  curing 
was  attained,  as  shown  by  measurements  of  dynamic  mechanical  response. 

In  series  A,  the  average  molecular  weight  between  crosslinks,  M^,  was 
varied  by  altering  the  stoichiometry,  with  amine  excess  varying  from  -30 
percent  to  +100  percent,  In  series  B,  M was  held  constant,  while  the 
distribution  of  M was  varied  by  blending  epoxy  prepolymers  having 
different  moleculSr  weights.  In  series  C,  M was  again  held  constant, 
but  the  amine  content  was  varied.  In  series  D,  several  resins  were  pre- 
pared using  polyamide  curing  agents.  In  series  E,  M was  varied  at  1:1 
stoichiometry  by  use  of  epoxy  prepolymers  having  different  molecular 
weights. 

Characterization  of  the  following  properties  (not  all  resins)  was 
completed:  M , by  swelling  and  measurements  of  rubbery  modulus;  the  state 
of  cure,  by  differential  scanning  calorimetry  (DSC^  chemical  analysis  and 
dynamic  mechanical  spectroscopy  (DMS);  viscoelastic  response  pei"  s®  “Y 
stress-strain  and  Impact  response;  creep;  fracture  toughness  and  fatigue 
crack  propagation  (FCP)  behavior;  and  morphology,  by  electron  microscopy. 

A precise  baseline  of  viscoelastic  behavior,  stress-strain  and 
Impact  response,  fracture  toughness,  and  FCP  response  has  been  established 
for  series  A (varying  s+olchlometry)  and  a similar  baseline  of  visco- 
elastic  behavior  for  series  E (varying  molecular  weight  of  the  epoxy). 

These  baselines  serve  as  standards  against  which  the  effects  of  other 
network  variations  may  be  compared  with  confidence. 

As  expected,  an  Increase  In  the  degree  of  crosslinking  (or  a decrease 
In  M ) causes  an  Increase  In  T„{T^),  T (the  temperature  of  the  major  low- 
lylni  transition),  the  breadth^of^the  transitions,  the  rubbery  modulus, 
and  the  swelling  ratio.  However,  absolute  values  of  Tg  were  higher  than 
expected  based  on  the  experiences  of  others  with  the  same  system.  Increased 
crosslinking  also  caused  a decrease  In  the  magnitude  of  tan  near  the 
Tn,  the  extent  of  creep,  and  the  slope  of  the  modulus-temperature  curve  at 
Tg.  In  most  cases,  the  dependence  of  viscoelastic  parameters  on  M was 
similar  for  specimens  having  an  oxcoss  or  deficit  of  amine;  the  onS 
exception  was  the  transition  slope,  which  varied  differently  depending  on 
whether  amine  or  epoxy  was  in  excess.  Creep  and  were  found  to  be  most 
sensitive  to  crosslink  density. 

One  apparently  now -quantitative  observation  was  made;  ■ x,  , , 

that  the  dependence  of  a given  viscoelastic  parameter  on  M Is  essentia  My 
the  same  whether  a given  value  of  M was  attained  by  varylhg  the  stoichlo- 
’ metry  or  by  varying  the  molecular  -.'eight  of  the  proDolymer,  This  fact 
should  facllitato  the  comparlscin  of  effects  of  other  network  variations. 

Increasing  the  anilne/epcxy  (A/E)  ratio  Increasea  the  fracture  tough- 
ness (K  ),  the  stress  Intensity  fador  required  to  drive  ;i  crack  (AK  ),  and. 
.'ftor  passing  through  ;i  minimum,  Young's  modulus  and  the  tensile  strenglh. 


However,  increasing  the  A/L-.  ratio  decreased  the  Impact  strength  and  tensile 

toughness.  Increasing  the  molecular  weight  of  the  epoxy  prepolymer  also 
increased  K and  LK  , but  decreased  Impact  strength  and  decreased  tensile 
strength. 

Effects  of  the  distribution  of  segment  lengths  between  crosslinks 
were  negligible  not  only  In  the  glassy  and  rubbery  states,  as  expected, 
but  also  in  the  glass-to-rubber  transition  region.  However,  anomalies 
were  noted  In  one  especially  broad  (bimodal)  distribution,  which  showed 
deviations  In  most  properties  from  those  for  the  same  average  Mj., 

Electron  microscopy  confirmed  the  existence  of  microgel  particles, 
even  before  the  gel  point,  and  Indicated  that  aggregates  were  probably 
formed,  as  well  as  Inclusions  of  secondary  cured  material  and,  In  the 
case  of  high-molecular-welght  epoxies,  shells  of  highly  crossi inked 
materials.  Based  on  these  lindings,  and  on  estimates  of  critical  flaw 
sizes  from  fracture  and  tensile  tests,  a tentative  model  was  proposed  to 
explain  as  much  of  the  observed  behavior  as  possible.  The  continuity 
of  the  phases  and  the  strength  of  bonding  between  the  aggregates  or 
miorogel  particles  was  emphasized,  and  a strong  analogy  noted  with  respect 
to  Interpenetrating  polymer  networks, 
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SECTION  I 
INTRODUCTION 


A.  Statement  of  the  Problem 


Cross! inked  polymer  networks  comprise  some  of  the  oldest  and  most 
useful  polymers  In  modern  technology.  Because  of  their  good  dimensional 
stability,  resistance  to  viscous  flow  at  elevated  temperatures,  and  re- 
sistance to  water  and  solvents,  resins  based  on  such  materials  as  epoxies, 
phenol Ics,  polyesters,  and  amlnoplasts  find  many  applications,  for  example 
as  components  for  mechanical  and  electrical  uses,  as  composite  matrices, 
and  as  protective  coatings.  Similarly,  cured  elastomers  fill  many  common 
engineering  needs. 

Although  such  cross  I Inked  or  "thermoset"  networks  can  often  be 
made  easily,  with  relatively  little  technical  expertise,  knowledge  of 
structure-property  relationships  is  In  a much  less  satisfactory  state  than 
with  thermoplastics  (1-3). 

Reasons  Include  Inherent  complexity  of  the  chemistry  Involved, 
sensitivity  to  processing  conditions  (often  poorly  controlled),  Intractabi- 
lity and  difficulty  of  characterization,  and  a frequent  lack  of  attention 
because  many  ordinary  service  demands'can  be  met  without  sophisticated 
technical  knowledge.  However,  as  technology  moves  towards  more  and  more 
demanding  technical  specifications,  as  In  the  case  of  aerospace  materials, 
and  towards  more  precise  and  demanding  balances  between  costs,  benefits, 
and  materials  conservation,  much  more  must  be  learned  about  these  materials. 
At  present,  the  engineer  would  still  like  more  Information  (In  comparison 
to  other  materials)  to  use  as  a basis  for  materials  selection  or  component 
design. 


Thus,  relatively  little  is  known  about  such  basic  parameters  as  the 
degree  and  distribution  of  crosslinking*  as  a function  of  composition, 
morphology  and  processing  conditions,  on  the  one  hand,  and  as  related  to 
mechanical  behavior  such  as  creep,  stress-strain  behavior,  and  fracture, 
on  the  other. 

Objective  and  Scope  of  the  Program 
a . Oblect I ve; 

The  principal  objective  of  this  program  Is  to  determine  the  Influence 
of  crosslinking  and  network  structure.  In  particular  variations  In  the  dis- 
tribution of  chain  lengths  between  crosslinks,  on  the  mechanical  properties 


It  should  be  noted  that  variations  In  crosslink  dlsfrlbutlon  may  occur  both 
on  molecular  and  microscopic  scales,  the  former  being  the  subject  of  this 
report,  but  also  relevont  to  the  latter. 


1 


of  polymers  exhibiting  high  glass  transition  temperatures,  Tq*s,  above  the 
temperature  of  use.  ^ 

b.  Scope; 

The  scope  of  the  program  Includes  the  study  of  both  model  and  practi- 
cal hIgh-Tg  resins,  as  follows: 

(1)  Development  of  syntheses  for,  and  characterization  of,  model 
cross! Inked  systems  which  permit  control  of  the  degree  and  distribution  of 
cross  I Inks. 

(2)  Synthesis  and  characterization  of  hIgh-Tg  epoxy  resins  having 
controlled  degrees  and  distributions  of  crosslinks.^ 

(3)  Characterization  of  viscoelastic  behavior,  Including  stress- 
strain  response  at  high  end  low  rates  of  loading,  and  creep  or  stress  re- 
laxation to  reflect  both  short-term  and  long-term  response. 

(4)  Determination  of  static  and  cyclic  (fatigue)  fracture  behavior. 

(5)  Determination  of  typical  morphologies  by  optical,  electron  and 
scanning  electron  microscopy. 

(6)  Correlation  of  fundamental  properties,  especially  composition 
and  degree  and  distribution  of  crosslinking,  with  engineering  behavior 
under  static  and  cyclic  loading. 

C.  General  Discussion' 

As  discussed  In  section  A,  the  Increasing  use  of  crossi Inked  polymers 
for  critical  and  demanding  engineering  applications  requires  much  better 
fundamental  knowledge  about  the  molecular  networks  concerned,  and  the  re- 
lationships between  the  network  characteristics,  synthesis  or  processing, 
and  mechanical  and  other  properties.  A major  reason  for  the  deficiency  In 
our  knowledge  Is  the  complexity  and  variety  of  network  structures  which 
may  be  encountered  (1,2).  This  complexity  leads  to  several  difficulties 
In  experimental  studies  of  the  type  concerned  In  this  discussion. 

First,  It  Is  difficult  to  characterize  Important  characteristics  of 
crossi In-k  density  (or  M^,  the  average  molecular  weight  between  crosslinks), 
the  distribution  In  the  length  of  chains  between  crosslinks,  and  the 
amount  of  material  not  Incorporated  In  the  network.  Second,  such  character- 
istics are  sensitive  to  process  variables  such  as  stoichiometry,  temperature, 
and  additives  (2,5-26).  A third  problem  Is  the  tendency  for  the  curing  of 
many  systems  such  as  epoxy  rosins  to  be  often  complex  with  respect  to  both 
a multiplicity  of  simultaneous  reactions  and  to  morphology  (2,7-9,15,24,26). 
From  the  simplest  chemical  point  of  view,  an  Ideal  polymeric  network  may 
be  conceived  of  as  a three-dimensional  system  of  connected  chains  forming 


n single  macroscopic  molecule  (Figs,  la,  1b>.  A "single  molecule"  Is 
formed,  because  a Maxwell's  demon  may  traverse  tho  entire  system,  stepping 
only  upon  regular  covalent  bonds.  Clearly,  the  behavior  must  depend  on  the 
tightiess  of  the  network  with  such  a model;  a network  such  as  shown  in  Fig. 

1a  would  exhibit  less  swelling  than  the  network  In  Fig.  1b,  which  has  a 
large  M . Even  with  such  models  for  an  "Ideal"  homogeneous  unlmolecular 
network;  however,  a problem  arises,  for  In  many  real  cases  (Figs.  1c,  1d) 
the  lengths  of  chains  between  crosslinks  may  vary  depending  on  the  struc- 
ture of  the  monomers  or  prepolymers,  or  on  the  vagaries  of  reaction  kinetics. 
Of  particular  Interest  to  this  study  Is  the  effect  of  a distribution  In  M , 
(Such  a distribution  will  occur  In  a homogeneous  system;  In  a heterogeneous 
system,  several  such  distributions  may  exist  as  well  as  variations  In 
Itself  In  the  various  phases.) 

Furthermore,  as  shown  In  Figs.  1e  to  1h,  a real  polymer  network  Is 
usually  quite  different  from  the  Ideal  In  structure.  Not  only  do  loops  and 
dangling  chain  ends  detract  from  the  effectiveness  of  the  structure,  but 
shorter  chains,  either  linear  or  branched,  may  exist  without  direct  chemical 
connection  to  the  network.  Also  In  some  cases  reactive  diluents  such  as 
styrene  oxide  may  be  added  reacting  at  one  end  of  tho  moleculo  and  leaving 
the  other  dangling.  Such  entitles  largely  serve  to  dilute  Iho  network,  and 
tend  to  adversely  affect  physical  and  mechanical  properties  (1). 

Finally,  the  topology  and  morphology  of  the  networks  may  vary  still 
more  from  the  picture  presented  (2).  Considerable  evidence  suggests  that 
at  least  In  some  cases  composition  may  be  quite  heterogeneous,  even  to  tho 
point  that  distinct  phases  may  coexist,  especially  In  the  neighborhood  of 
Interfaces  (1,8,9,13,22-26).  Indeed,  In  such  cases  another  model  might  be 
an  Inverted  version  of,  for  example,  Fig.  Ig,  with  highly  branched  or  cross- 
I Inked  domains  embedded  In  a tower  molecular  weight  matrix;  I'ig.  Ih  Illus- 
trates such  a domain  model,  as  well  as  the  general  case  of  compositional 
heterogeneity  (noting  that  phase  boundaries  need  not  be  sharp).  Variations 
may  also  exist  If  one  of  the  multifunctional  reactants  has  Itself  a dis- 
tribution of  molecular  weight  between  Its  functional  group:.  (Fig.  1);  such 
variations  are  characteristic  of  epoxy  resins. 

Typical  methods  for  study  of  networks  have  been  directed  primarily 
at  determining  an  average  value  for  M^.,  and  have  been  mainly  based  on 
stoichiometric  predictions,  swelling,  elastic  moduli,  creep,  mechanical 
damping,  and  glass  transition  behavior  (1,2;  see  also  section  3.b).  Thus, 
classical  theories  developefj- by  FJory  (27,  chapter  IX)  and  others  (1,2) 
have  served  to  predict  gelation  and  crosslinking  In  a statistical  way, 
albeit  to  an  approximation  which  may  or  may  not  be  a good  one  (2).  In  the 
case  of  vulcanized  rubbers,  which  exhibit  high  values  of  M,,  (say,  bOOO), 
much  understanding  of  elastomeric  networks  has  already  been  actilevod. 

While  our  knowledge  remains  Incomplete,  the  Hieory  of  rubber  elas'llcit/ 

(1,  chapter  XI),  the  Flory-Rehner  swelling  theory  (1,  chapter  IX),  and  the 
theory  of  viscoelasticity  (28)  provide  guldeposts  for  determining  not  only 
chemical  properties  such  as  crossilpk  density,  but  also  a practical  basis 
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for  estimating  modulus,  creep,  stress-strain  behavior  and  fracture  (29- 
36).  Treatment  of  the  distribution  of  crosslinks  has  often  been  considered 
as  one  of  the  unsolved  problems  of  polymer  science  (37).  Although  It  has 
been  predicted  on  theoretical  grounds  that  the  rubbery  modulus  should  be 
Independent  of  the  distribution  of  M (38),  experimental  tests  such  as 
those  based  on  tagging  crosslinks  with  heavy  motal  atoms  (39,  40)  have  not 
been  used  to  confirm  the  prediction. 

At  room  temperature,  all  such  elastomers,  of  course,  are  above 
their  glass  transition  temperature,  Tg.  If  the  crossi Inked  polymer  Is 
below  its  glass  transition  temperature,  Its  molecular  chains  are  In- 
capable of  long  range  coordinated  motion,  and  the  material  becomes  stiff 
and  glassy.  Such  "thermoset"  resins  are  typified  by  a variety  of 
commercial  materials,  including  phenol  formaldehyde  resins,  melamine  resins, 
crosslinked  polyesters,  and  epoxy  resins.  Unfortunately,  with  materials 
of  this  type,  which  exhibit  high  degrees  of  crosslinking  and  great 
chemical  complexity  (M-  « 5,000,  ^-300  for  some  common  epoxies),  equations 
useful  for  elastomers  tend  to  fall  and  require  empirical  modification  (2), 
and  In  addition  many  characterization  parameters  In  the  glassy  state  are 
In  sensitive  to  the  nature  of  the  crosslinking.  Moreover,  as  pointed  out 
cogently  by  Nielsen  (1,2),  there  Is  surprisingly  little  fundamental  study 
of  mechanical  behavior  using  materials  characterUad  to  the  limits  of 
the  state-of-the-art.  To  be  sure,  there  are  exceptions,  for  example, 
recent  studies  of  epoxy  behavior  by  n number  of  authors  (6,  7,  14-19,  46>  47) 
but  studies  correlating  fundamental  and  englneeelng  behavior  are  not  as 
common  as  might  be  supposed.  In  any  case,  model  systems  basod  on  anionic 
polymerization  (41)  or  on  Mlliar-type  IPN's  (42-45)  should  provide  valid 
approaches  to  the  question  of  how  distribution  In  Mj,  affects  behavior  In 
the  glassy  state  and  glass-rubber  transition  region. 

Another  difficulty  with  gelling  or  thermosetting  systems  Is  that, 
as  pointed  out  long  ago  by  Nielsen  (8)  and  others  (2),  and  more  recently 
by  Cl  Ilham  (5),  the  temperature  of  cure  plays  a role  far  beyond  that  of 
simply  altering  reaction  rates  In  a chemical  sense.  As  curing  proceeds 
at  a given  nominal  temperature,  the  network  develops  and  Its  Tg  In- 
croases.  However,  whan  the  Tg  of  the  network  roaches  ambient  temperature 
(which  may  exceed  the  nominal  temperature  due  to  adiabatic  self-heating), 
the  rate  of  further  crosslinking  Is  drastically  reduced  duo  to  slowing 
of  reactant  diffusion  by  the  stiffening  of  the  network.  Thus,  If  the 
specimen  Is  heated  to  above  Its  curing  temperaiuro,  as  might  well  be  tho 
case  in  a modul us-temporaturn  study,  additional  curing  may  occur  during 
the  test  Itself,  Information  about  the  network  deduced  from  such  tests 
Is  relevant  only  lo  the  material  subjected  to  tho  additional  thermal 
history  of  the  test,  not  to  the  oitginal  specimen  as  cured.  Clearly,  tho 
curing  temp'^rnture  must  be  higher  than  the  mBXlrnum  test  temperuturo  If  one 
Is  to  achieve  a network  which  will  be  stable  durliig  testing. 

In  summary,  because  of  the  Importance  of  therrnosot  resins  to 
present  and  future  technology,  wo  need  much  better  exporimontal  end 
theoretical  understanding  of  tho  relationships  between  processing,  the 
network  formed,  and  Its  behavior.  At  present,  detailed  empirical  or  seml- 
emplrlcal  studies  are  relatively  tow  In  number,  especially  with  respect  to 
fracture  behavior. 


SECTION  II 
TECHNICAL  APPROACH 
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I.i 


From  the  standpoint  ot  relevance  to  the  engineering  applications,  an 
epoxy  resin  syetem  would  be  of  considerable  Interest.  Although  the  chemistry 
Is  complex,  the  systems  are  easily  adaptable  to  specimen  preparation,  and  an 
Increasing  number  of  quantitative  studies  relating  at  least  average  or  rela- 
tive network  properties  such  as  M to  stoichiometry  and  curing  conditions 
have  appeared  (5-23,  46-50),  In  several  studies  by  others  and  this  group 
(7,  49,  50),  It  has  been  possible  to  demonstrate  that  full  curing  can  be 
effectively  obtained  using  certain  cure  histories.  Also,  at  least  some 
qualitative  evidence  was  available  relating  viscoelastic  parameters  such  as 
damping  to  the  breadth  of  the  presumed  distribution  of  crosslinks  (2),  and 
some  evidence  was  available  on  stress-strain  behavior  (7,  46),  fracture  (32, 
33),  and  Impact  strength  (46),  the  latter  as  a function  of  M . Disadvan- 
tages Include  difficulty  In  precisely  controlling  the  dIstrlSutlon  and 
nature  of  crosslinks  (due  to  the  fact  that  commercial  resins  usually  exhibit 
a distribution  of  molecular  weight)  and  In  directly  measuring  the  crosslink 
distribution.  Nevertheless,  It  seemed  reasonable  to  conclude  that  a 
thorough  characterization  of  viscoelastic  behavior  In  blends  of  epoxy  resin 
should  enable  correlation  of  the  distribution  of  M and  other  network 
variables  with  ultimate  behavior  under  static  and  Sycllc  loading.  Existing 
studies  were  of  Insufficient  scope  to  permit  such  a correlation. 

To  complement  this  study,  and  In  a sense  to  calibrate  It,  It  seemed 
desirable  to  also  study  a still  more  definable  model  system.  For  this  pur- 
pose, a novel  network  system  developed  by  Bamford  and  others  was  first 
selected  (for  a review,  see  reference  4),  This  system  had  several  advantages 
but  could  not,  In  fact,  be  adapted  to  serve  this  program  within  the  time 
available  (51),  Bscause  of  these  difficulties,  another  model  system  was 
selected  based  on  Mlllar-type  (42-4S)  Interpenetrating  networks  (IPN's).  To 
prepare  these,  crossl Inked  polystyrene  (Mc=b)  Is  swollen  with  a styrene/ 
crossl Inking-agfent  mixture  (to  yield  Mc“b),  and  the  monomer  polymerized 
(Fig.  2).  Thus,  for  a given  average  the  distribution  can  be  varied  widely 
by  varying  a and  b.  In  addition,  It  was  thought  that,  by  analogy  with  other 
IPN's  (52),  the  behavior  of  the  model  might  reflect  the  nature  of  the  network 
morphology,  which  In  turn  might  be  expected  to  refleci  the  sequential  nature 
of  the  network  formation.  Finally,  the  synthetic  techniques  are  readily 
adaptable  to  treking  laboratory  ^pec (mens  for  mechanical  studies, 

In  short,  two  complementary  candidate  systems  were  selected:  one'a 
potentially  good,  though  not  perfect,  approximation  to  an  Ideal  ncjfwork  model 
but  of  academic  Interest  as  a material,  and  the  other  a loss  good  approxima- 
tion to  an  Ideal  model,  but  a system  with  existing  engineering  application. 
Thus,  the  two  approaches  should  bo  considered  as  a dual  model  system:  a 
primary,  well-definable  model  coupled  with  a model  which  Is  loss  easily 
defined,  but  of  greater  technical  Intorost  per  se.  The  primary  modcal  should 
servo  to  Illuminate  and  calibrate  tho  secondary  model,  the  epoxy  system;  the 
two  should  be  considered  together. 

Specific  discussions  of  each  system  follow  In  secflons  III  and  IV, 
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SECTION  III 


SYNTHESIS  OF  MODEL  NETWORKS 


A.  Introduction 

The  principal  aim  of  this  research  Is  to  show  how  the  mechanical 
behavior  of  glassy  networks  depend  upon  the  distribution  of  values 
and  how  free  or  dangling  chains  alter  behavior.  Polystyrene,  *wlth  a 
glass  transition  temperature,  T , of  +'iOO°C  was  selected  as  the  model 
network,  because  Its  glass  temperature  Is  above  room  temperature,  and  Its 
general  physical  behavior  Is  well  known. 

The  objective,  then,  was  to  prepare  networks  with  two  distributions 
of  through  the  use  of  the  Millar  synthesis  (42-4b). 

a.  Millar  IPN's! 

As  mentioned  previously,  this  class  of  IPN's  Is  a special  case  In 
which  each  iietwork  Is  the  same  chemically.  The  following  steps  are  In- 
volved: 


(1>  preparation  of  polymer  I network  (In  fhls  case  polystyrene 
cross! Inked  with  dl vinyl  benzene,  DVB), 

(2)  swelling  of  a styrene/OVB/ronomer- 1 1 mixture  Into  polymer  I,  and 

(3)  polymerization  of  the  imbibed  monomer  ||  to  give  polymer  II. 

Thun  the  network  of  polymer  II  Is  synthesized  within  the  existing 
network  of  polymer  I.  The  crosslink  density  of  each  network  cun  be  varied 
easily  by  varying  the  concentration  of  DVB,  thus  making  It  possible  to 
synthesize  a wide  variety  of  crosslink  distributions. 

B . Exporlmontal  Details.  Results,  and  Discussion 

a.  Synthesis; 


Millar  IPN's  in  which  the  two  Intorpenotrnting  networks  are  bolh 
crossi Inked  polystyrene  (PS)  wore  synthesized  ajong  with  single  PS  networks 
and  linear  PS  as  controls.  All  single  networks  and  polymer  I networks 
were  synthesized  by  thermal  polymerization  using  dllauroyl  peroxide  as 
the  free-radical  Initiator  at  60°C.  The  Initiator  concentration  was  0.4115 
by  weight  based  on  monomer  volume.  Dl vinyl  benzene  (DVB)  (which  Is  an 
Isomeric  mixture  containing  5%  p-DVB)  was  used  as  the  crosslinking  agent. 

Monomer  mixtures  were  prepolymerized  In  an  oven  at  for  various 
lengths  of  time  (depending  upon  the  DVB  concentration)  unl 1 1 a significant 
Increase  In  viscosity  was  noted  (corresponding  fo  ebout  lOIf  conversion). 


By  propolynioriznlton,  r>hrl nkai'io  Wrjr,  tnlnlmlzod,  iind  a r.itKJoIhur  iind  more 
uniform  product  won  produced.  Fho  propolyiner  r.yrup  won  iTonnforrod  io  o 
irold  formed  by  n rjonkot  of  ethy  I one-propyl  one  rubber  bolwcon  two  glasu 
plates  held  together  by  clamps  (10mm  x 15mm  x 2min).  Polymerization  was 
continued  In  the  oven  for  3 or  4 days,  at  which  time  the  polymer  sheets 
were  removed  and  heated  for  24  hours  at  110  C in  a vacuum  oven  to  remove 
any  unreacted  monomer.  Weight  losses  wore  usually  about  one  percent,  and 
never  more  than  two  percent,  Indicating  that  polymerization  was  essentially 
comp  I ete . 

To  make  the  Millar  IPN,  additional  monomer  together  with  cross- 
linker, and  Initiator  (monomer  mixture  II ) was  Introduced  by  swelling  the 
polymer  I network  so  that  It  contained  the  desired  amount  of  monomer 
mixture  II.  Specimens  were  then  allowed  to  equilibrate  overnight  so  that 
diffusion  of  the  monomer  mixture  would  occur  and  distribute  inonotror  II 
uniformly  throughout  polymer  I.  The  polymer  II  network  was  made’  by 
either  photopolymerl zatlon  using  0.4i5  benzoin  as  Initiator  or  by  thermal 
polymerization  using  0.45J  dllauroyl  peroxide.  In  the  earlier  experiments, 
photopolymerization  at  room  temperature  was  employed  using  UV  light  to 
activate)  the  benzoin  Initiator.  To  show  that  the  mode  of  polymerization 
of  polymer  li  does  not  affect  the  properties  of  Millar  IPN's,  thermal 
polymerization  of  polymer’ 1 1 was  also  carried  out.  Creep  and  swelling 
experiments  confirmed  that  ’hliera  are  essentially  no  physical  differences 
between  the  Millar  IPN's  polymerized  thermally  and  those  polytnorlzed 
photochemical  I y.  Polymer  II  was  enclosed  botwoon  glass  plates  and  a 
gasket  and  polymerized  for  3 to  4 days,  removed  from  the  mold,  and  heated 
under  vacuum  at  110°C  for  24  hours  to  remove  unreacted  monomer.  Polymer- 
ization was  virtually  complete,  as  Indicated  by  the  occurrence  of  only 
small  weight  losses  (one  or  two  percent). 

b . Specific  Compositions; 

Millar  IPN's  were  synthesized  Iti  which  polymer  I contained  0.4Jf 
DVB  and  polymer  II  contained  4?S  DVB  In  the  following  weight  proporflonsi 
75/25,  50/50,  and  25/75.  Polymer  I was  thermally  polymerized  and  polymer 
II  was  photopolymerl  zed,  A single  P.S  network  containing  2.2?  DVB  was 
synthesized  to  use  as  a comparison  for  the  50/50  Millar  IPN.  Hence,  the 
50/50  IPN  and  the  2.2?  DVU  network  both  contain  tfie  same  average  citnounl 
of  crosslinking  agent. 

Thus,  several  IPN's  wore  also  synthesized  using  a polymer  I con- 
taining 0.4?  DVD,  and  4?  DVD  In  polymer  II.  Another  set  of  Millar  IPN's 
with  polymer  I containing  0.4?  DVB  and  polymer  II  containing  4?  DVD 
containing  1?  Isoprone  (for  electron  microscopy)  wore  synthos Izoci  by 
thermally  polymerizing  both  networks. 

For  experiments  with  proswelllng,  polymer  I was  polymerized  at  f)0°C 
In  the  presence  of  50?  by  volume  of  toluene.  When  0.4?  DVD  was  used,  no 
gelation  occurred,  presumably  due  to  a reduction  of  the  Tromsdorff  effect. 
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Preswollen  networks  containing  A%  DVB  and  50^  by  volume  of  toluene,  however, 
were  synthesized.  One  such  sample  was  completely  deswol Ion  (50il),  A 
preswoilen  network  containing  DVB  was  partially  deswol Ion  and  the  remain- 
ing toluene  exchanged  In  monomer  mixture  II  containing  0.4;^  DVB  to  make  a 
50/b0  Mi  Mar  I PN. 

Attempts  to  make  Inverse  Millar  IPN's  where  polymer  I contains  DVB 
were  unsuccessful.  Various  approaches  were  used.  A 4$  DVB  network  sample 
Is  too  highly  crossi Inked  to  imbibe  more  than  about  20?  monomer  solution  at 
room  temperature  without  breaking  up.  In  order  to  swall  the  4!i  DVB  network, 
specimens  were  heated  to  above  their  Tg  and  Immersed  In  liot  toluene.  Then 
the  cooled,  sv'ollen  samples  were  placed  In  monomer  solutions  to  allow  liquid 
exchange  to  occur.  Upon  completion  of  polymerization,  samples  were  removed 
and  found  to  have  broken  up  Into  small  pieces,  The  weight  percent  of  polymer 
II  containing  0,4!{  DVB  In  these  specimens  was  SOif  and  less.  Another  approach 
Involved  swelling  4){  DVB  network  specimens  at  room  temperature  with  monomer 
solution  for  short  periods  of  time  so  as  to  add  10-25i(  monomer  II.  Even  at 
this  ratio  of  polymer  I to  polymer  II,  the  Millar  IPN  usually  broke  up  upon 
polymerizing.  Only  a few  specimens  containing  a very  small  amount  of  polymer 
II  (10^  or  less)  survived  the  polymerization  of  polymer  II  without  breaking 
up,  and  even  these  were  of  Inferior  quality  being  very  soft  after  polymerizing 
for  up  to  7 days.  When  a 2.2)6  DVB  network  was  swollen  with  50)6  of  a 2.2)6  DVB 
monomer  solution.  It  too  broke  up  upon  polymerization. 

c.  ConcI usions 

The  synthesis  of  the  Ml  liar-type  IPN’s  In  which  the  first  polymer  syn- 
thesized Is  the  less  crossi Inked  one  proceeded  smoothly  by  either  photo- 
chemical or  thermal  techniques,  yielding  cast  specimens  ready  for  mechanical 
characterizations.  In  fact,  the  technique  Is  one  of  the  most  facile  possible 
and  presents  no  problems  of  any  kind.  On  the  other  hand,  the  technique  Is  not 
yet  adaptable  to  making  the  reverse  type,  In  which  the  first-formed  polymer  Is 
the  more  highly  crossi Inkec  one. 
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SECTION  IV 

PROPERTIES  OF  MODEL  NETWORKS 


A,  IniToductlon 


The  physical  and  mechanical  behavior  of  polymer  networks  depends 
upon  the  crosslink  density,  the  distribution  of  molecular  weights  of 
chain  segments  between  crosslinks,  M , the  number  of  free  or  dangling 
chains,  and  the  temperature.  Three  §oneral  temperature  regions  have 
boon  Identified;  (I)  above  the  glass-,  ubber  transition  region,  where  the 
material  behaves  like  an  elastomer,  (2)  within  the  glass- rubber  transi-  . 
tion  region,  where  the  material  Is  viscoelastic,  and  (3)  below  the  glass- 
rubber  transi  Hon  region,  where  more  or  less  glassy  behavior  predominates. 
The  experiments  performed  under  this  contract  are  primarily  dlrectad 
towards  region  (3),  with  some  effort  placed  In  region  (2)  to  show  the 
changes  In  behavior  tnat  may  be  expected  as  the  polymer  chains  gain 
mobility.  Region  (I)  Is  of  Interest  only  In  the  analytical  determina- 
tion of  crosslink  density  (see  section  a,  below). 

Properties  of  pert  leu  I ar  Interest  Include  creep  or  stress 
relaxation  (to  determine  long-term  behavior),  stress-strain  response, 
and  fracture  characteristics.  Progress  to  date  Is  discussed  below. 

(l^xper! mental  Details,  Results,  and  Discussion 
a.  Experimental  Methods 

Mj.:  While  absolute  values  of  cross  linking  cannot  generally  be 
obtained  with  densely  crossi Inked  systems  such  as  epoxy  resins  (2), 
approximate  values  In  more  "open"  systems  can  be  estimated  In  several 
ways,  the  most  common  being  by  swelling  and  by  measurement  of  the  creep 
compllnnco  In  tho  rubbery  state. 

Thus  values  of  M , the  average  molecular  weight  between  crosslink 
sites,  were  obtained  by^swe'IIIng  samples  In  toluene  and  using  the  Flory- 
Rehner  equation  (27,  53); 

I Ind  - v^l  . 4 

‘'c 

Where  V2  represents  the  volume  fraction  of  polymer  In  the  sample  at 
equilibrium,  Vq  Is  the  solvent  molar  volume,  of  density  p {|.08g/cm^) 
snd  Xi-;,  the  polymer-solvent  Inferactlon  parameter  was  taken  as  0.44. 
iH  each  case  volumes  were  assumed  to  be  additive.  Tho  soluble  fraction 
was  small  in  each  case,  ranging  *rom  'i%  (4^  DVE')  to  51®  (0.4^  DVB)  to 

(IF'Ns). 
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In  addition,  values  of  were  estimated  from  the  equilibrium  shear 
modulus,  G (")  or  1/J  (“),  where  J (“)  Is  the  indicated  limiting  value  of 
J (t),  by  moans  of  the  theory  (24)  of  rubber  elasticity,  to  give 
(1/J  (■»)): 


(G  (<»))  B (1/J  (»))  = pRT  J{m)  (2) 

c c 

where  p is  the  density,  R the  gas  constant,  and  T the  absolute  temperature 
(In  this  case,  120°C).  Finally,  the  theoretical  value  of  M was  calculated 
from  the  molar  ratio  of  DVB  to  styrene. 

Creep!  Studies  of  creep  ss  a function  of  time  and  temperature  were 
carried  out  using  a Gehman  Torsional  Stiffness  Tester  (54).  Creep  experi- 
ments covered  the  entire  range  of  viscoelastic  behavior  from  the  glassy 
region  at  60®C  to  the  rubbrry  region  at  120°C.  Compliance  readings  were 
taken  at  various  Intervals  In  time  from  10  seconds  to  1000  seconds.  The 
shear  creep  compliance,  J(t),  was  calculated  from  the  angle  of  twist  of 
the  specimen  Induced  by  the  torsion  wire  as  Indicated  by  the  apparatus. 


Master  curves  ware  obtained  by  shifting  data  obtained  at  various 
temperatures  with  respect  to  a reference  temperature  (28),  assuming  that 
all  relaxation  mechanisms  had  the  same  temperature  dependence.  This  assump- 
tion was  probably  Justified  because  the  materials  under  Investigation 
differed  only  In  the  amount  of  crosslinker  present  In  the  Individual  net- 
works, Theoretical  shift  facts  were  also  calculated  from  the  Wllllams- 
Landel-Fecry  (WLF)  equation 


log  Oj 


17.44(T-T  ) 
51.6  +<T-Tg) 


(3) 


whoro  temperatures  are  In  ®K. 

Each  curve  of  reduced  compliance  was  shifted  with  respect  to  the  curve  at 
100°C  (the  reference  temperature  which  Is  also  the  glass  transition  tempera- 
ture) until  all  fit  together  to  form  a smooth  master  curve.  Master  curves 
for  various  materials  could  then  easily  be  compared. 

Electron  Microscopy;  Specimens  {2mm  x 2mm  x 20mm)  were  cut  from  the 
IPNs  and  one  end  of  each  sample  was  trimmed  to  a truncated  pyramid  with 
sides  approximately  0.1mm  In  size.  Tho  specimens  were  exposed  to  osmium 
tetroxlde  vapor  for  about  two  weeks  In  order  to  sel ecti vel y- sta In  the 
Isoprene-mer  portion  of  the  PS  polymer  II  phase,  A Porter-Blum  MT-2 
ultramicrotome  equipped  with  a diamond  knife  was  used  to  obtain  ultrathln 
sections  about  300A  thick.  Transmission  electron  micrographs  were  taken 
by  direct  observation  with  a Phillips  300  transmission  electron  microscope. 
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Results  of  the  various  measuromor.ts  are  summarized  below. 


I , Cross  I ink  Density 

In  Table  I,  results  of  the  two  methods  used  are  compared  with  the 
theoretical  values  for  M * calculated  from  ‘•he  stoichiometry.  Note  that 
a finite  value  of  M is  Sbtained  for  linear  PS  due  to  the  existence  of 
elastically  effective  physical  entanglements  in  the  rubbery  plateau  region. 
Thus  In  general,  M (t/J(®))  tends  to  be  smaller  than  Mg  (theor.)  due  to  the 
contribution  of  the  entanglements  to  the  effective  crpssi  I,nk  density. 

From  Table  I,  It  may  be  seen  that,  the  M (1/J(<»))  values  for  the  50/50  Millar 
IPNs  are  significantly  larger  than  expected  when  compared  to  the  M 
for  the  2,2!  DVB  sjngle  network.  Generally,  M (E)  values  for  the'MIllar 
IPNs  Me  somehwere  in  between  the 'axper  I mental  ®va  lues  for  a 0.4iJ  DVB 
network  and  that  for  a 2,2$  DVB  network.  It  seems  that  the  first  net- 
work formed  dominates  the  crosslink  density  of  the  IPN.  . ^ 

Swelling  data  also  support  the  Idea  of  greater  contrlbul'ton  of  the 
0,4^  DVB  Polymer  I network,  although  not  as  dramatical  I y as  do  the  M (1/J(“>)) 
values,  M values  calculated  from  the  weight' gain  of  specimens,  after 
attaining  SquMIbrtum  swelling  In  toluene  tend  to  be  higher  than  expected 
based  on  overall  DVB  content  (that  Is,  they  n^nd  to  swell  more  than 
expected).  The  swelling  of  polymer  networks  In  a good  solvent  at  room 
temperature  for  the  time  needed  to  attain  equilibrium  swelling  allows 
all  regions  of  various  crosslink  densities  to  swell  to  tho  maximum 
degree.  Therefore,  In  the  Millar  IPNs,  the  M (weight  gain). values 
measured  by  swelling  tests  may  not  reflect  the  greater  confributlon  of 
Polymer  I domains  to  the  same  extent  as  do  the  M (1/J(«f>))  values  (see 
below). 


Table  I.  Values  of  M ° for  Millar  IPNs  and  Controls 


Specimen 

Swel 1 Ing  Data 
M 

c 

(Weight  Gain) 

Mg  (1/J 

at  120® 

»)) 

C 

M 

c 

(Theory) 

Control 

Linear  PS 

eo 

1.0  X 

10** 

eo 

0.4^  DVB 

3.0 

X 

lO** 

6.9  X 

10^ 

2.9 

X 

10^* 

2.2K  DVB 

6.5 

X 

103 

2.  3 X 

I03 

5.4 

X 

I03 

45;  DVB 

3. 1 

X 

I03 

2.0  X 

10^ 

2.9 

X 

10^ 

Ml  1 lar  IPNs 

(0.4/4i{  DVB) 

75/25 

1.7 

)< 

lO** 

4.9  X 

10^ 

9.  1 

X 

I03 

50/50 

8.6 

X 

10^ 

4.4  X 

10^ 

5.4 

X 

I03 

25/75 

5.0 

X 

I03 

4.7  X 

I03 

3.8 

X 

10^ 

55/45 

7.  1 

X 

10^ 

4.5  X 

|03 

5.6 

X 

10^ 

25/75 

BI4-  kn 

3.5 

X 

I03 

4.0  X 

10^ 

3.8 

Hi 

10^ 

density. 
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2.  Creep  liehavlor 

Typical  creep  data  are  shown  In  Figure  3.  The  shift  factors,  a^, 
were  calculated  and  compared  graphically  to  those  obtained  from  the 
WLF  equation  (eq.  1)  In  Figure  4,  As  can  be  seen  from  the  plot,  agreement 
with  the  WLF  shift  factors  Is  quite  good  In  the  region  near  and  Just  above 
the  Tg,  100  C.  According  to  emplrlcsl  evidence,  the  WLF  equation  Is  only 
valid  between  Tg  and  Tg  tlOO  u fpr  linear  polymers  and  may  not  necessarily 
hold  for  crossITnked  polymers.  Figure  5 shows  the  master  curves  that 
resulted  from  creep  experiments  performed  on  the  Millar  IPNs.  All  three 
polymers  creep  more  than  the  DVB  single  network  and  have  rubbery 
plateau  regions  lower  than  those  found  for  the  single  network.  Differences 
among  tho  three  Millar  IPNs  are  not  as  great;  the  50/50  and  25/75  systems 
being  very  similar  and  creeping  somewhat  less  than  the  75/25  specimen.  Two 
IPNs  In  the  weight  ratios  of  25/75  and  55/45  and  their  master  curves  are 
presented  In  Figure  6 along  with  the  master  curves  for  0.4?  DVB  end  2.2? 

DVB  networks.  The  creep  behavior  of  the  55/45  Millar  IPN  Is  very  similar 
to  that  of  the  0.4?  DVB  network  and  It  creeps  significantly  faster  than  the 
2.2?  DVB  network.  Only  In  the  rubbery  plateau  region  does  It  have  a lower 
compliance  than  the  0.4?  DVB  network.  The  25/75  master  curve  Is  very  simi- 
lar In  shape  to  tho  2.2?  DVB  curve  up  until  the  rubbery  region  Is  reached. 
Although  It  has  the  highest  DVB  content  of  all  4 specimens  (3,1?  DVB),  Its 
rubbery  plateau  lies  between  that  for  the  0,4?  DVB  network  and  the  2,2?  DVB 
nelwork. 

The  data  presented  In  Figures  5 and  6 support  the  notion  that 
more  continuous  Polymer  I domains  and  less  continuous*  Polymer  II  domains 
exist  In  the  Millar  IPNs.  A more  continuous  Polymer  I would  be  consis- 
tent with  the  creep  data  showing  more  creep  In  the  50/50  Millar  IPN  than 
In  Its  corresponding  equivalent  2.2?  DVB  single  network.  We  also  see 
that  the  55/45  IPN  creeps  In  a manner  mL'''h  closer  to  that  of  the  0.4? 

DVB  network  than  the  2.2?  DVB  network.  Thus,  Polymer  I dominates  the 
creep  behavior  and  rubbery  compliances  of  the  Millar  IPNs. 

Additional  Millar  IPNs  were  synthesized  with  Polymer  I containing 
0.4?  DVB.  Mast’er  curves  for  Millar  IPNs  containing  0,4?  DVB  In  Polymers  I 
are  presented  In  Figure  7.  These  were  made  to  Investigate  tho  Influence 
of  stretching  the  Polymer  I network  on  the  creep  behavior  while  maintain- 
ing the  same  overall  DVB  concentration.  Tho  creep  response  Is  almost 
Identical  to  that  of  the  0.4?  DVB  single  network.  Only  In  the  rubbery 
region  do  differences  occur;  tho  Millar  IPN  has  a somewhat-  lower  rubbery 
plateau  than  expected.  A 55/45  5ImI-l**  Millar  IPN  with  Polymer' I con- 
taining 0.4?  DVB  and  Polymer  II  containing  linear  PS  creeps  In  a manner 
In  between  that  of  the  linear  PS  and  the  0.4?  DVB  network.  Apparently, 
in  this  case,  the  linear  polymer  and  the  0.4?  DVB  network  control  tho 
creep  to  the  same  extent.  The  Polymer  I domain  may  not  be  as  continuous 
In  the  Gem  I- I IPN. 


’^the  ''more  continuous''  referrTng  l-o  the  dominant  matrix.  ~ 

**A  Semi- 1 IPN  Is  one  In  which  Polymer  II  Is  not  cross  I Inked,  but  Polymer  1 Is. 


14 


P* 


Loo  Tihe  (tic) 


Figure  6.  Creep  curves  for  Millar  IPNs  prepared  for  electron  microscopy. 
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Figure  8.  Creep  curves  for  swollen  Millar  IPNs  (H  DVB  In  Polymer  I « 4 
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In  ordor  to  further  Investicjate  the  effect  of  prenwolling  In  the 
creep  behavior,  It  was  decided  to  proswoll  Polymer  I by  forming  tho  net- 
work In  tho  presence  of  a diluent  (toluone).  The  toluene  could  then  bo 
exchanged  directly  for  monomer  mix  2 so  that  Polymer  I remains  In  a 
highly  relaxed  state.  The  properties  of  preswollen  polymer  networks  have 
been  previously  studied  by  Shen  and  Tobolsky  (55,  56),  They  studied  the 
effects  of  diluents  on  tho  rubber  elasticity  of  both  lightly  and  highly 
crossi Inked  preswollen  polymer  networks  and  the  corresponding  deswollen 
networks.  Creep  response  (Figure  0)  for  the  deswollen  DVB  network  was 
faster  than  for  a 455  DVB  network,  but  the  rubbery  compliance  was  only 
slightly  increased.  Creep  response  for  the  50/50  Millar  IPN  was  even 
greater  and  the  rubbery  compliance  was  significantly  above  that  for  the 
2.2^  DVB  network.  Shen  and  Tobolsky  (55,  56)  postulated  that  when  polymer- 
ization occurs  In  the  presence  of  diluent,  effectlvo  Intormolecular  chemical 
crosslinks  may  be  decreased  by  the  formation  of  Intramolecular  loops.  Also, 
network  Interpenetration  and  trapped  chain  entanglements  become  less  signi- 
ficant at  higher  diluent  concentrations,  These  phenomena  would  explain  why 
the  preuwollen  specimens  crept  more  rapidly  and  had  higher  rubbery  com- 
pliances than  tho  corresponding  single  networks.  Another  factor  to  consider 
In  the  deswollen  4)5  DVB  network  Is  that  the  network  may  have  collapsed  upon 
Itself,  and  distances  between  crosslink  points  have  been  reduced  by  a factor 
3/2.  The  faster  creep  of  the  deswollen  material  may  be  In  part  a response 
to  the  Internal  stresses  which  developed  In  going  from  the  relaxed,  preswollen 
state  to  the  deswollen  state. 

As  mentioned  above,  the  study  of  Millar  IPNs  was  undertaken 
originally  as  a model  system  for  non-uniform  plastic  networks,  Creep 
data  and  to  a lesser  extent  swelling  data  obtained  so  far  are  consistent 
with  the  occurrence  of  segregation:  tho  first  polymerized  network 
appears  to  exhibit  greater  continuity  than  the  second  polymerized 
network.  Reflection  suggests  that  this  might  be  arising  because  of 
random  fluctuations  In  the  crossi Inking  of  Polymer  1.  Monomer  2 would 
tend  to  be  located  In  the  small  regions  of  space  with  accidentally 
lower  degrees  of  crossi Inking,  because  the  elastic  compressive  pressure 
would  be  lower.  The  greater  this  segregation  effect  Is,  the  more  control 
Polymer  I will  exert  on  viscoelastic  creep  response  and  swelling 
behavior. 

3.  Morphology 

Creep  experiments  proved  to  be  very  Interesting,  but  direct 
observation  on  the  molooula'r  level  was  needed  to  lend  support  to  the 
above-stated  notion  of  a more  continuous  Polymer  I.  In  order  to  elucidate 
the  Millar  IPN  morphology,  a small  amount  of  Isopreno  (about  one  percent) 
was  Incorporated  In  Polymer  II  for  Millar  IPNs  In  which  Polymer  I 
contained  0,4^  DVB  and  Polymer  II  contained  4^  DVB  (Isopreno  tends  to 
form  a random  copolymer  with  styrene). 
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It  was  decided  to  first  predict  the  domain  sizes  of  the  less  con- 
tinuous phase  using  sn  equation  developed  by  Donatelll  et  al.  (D7)  and 
given  In  Appendix  A,  For  the  case  of  polystyrene  Millar  IPNs,  the 


and 


facial  energy,  y,  between  Polymers 
Donatelll  equation  thus  reduces  tos 

5 c2k2(I 

“2 


expected  to  be  zero. 


nter- 

The 


(4) 


For  a 50/50  polystyrene  Millar  IPN  with  0.45f  DVB  In  Polymer  I and  A%  DVB 
In  Polymer  1 1,  we  have: 

0 

K “ 0.7A  Lfrom  the  Polymer  Handbook  (58)] 


Wg  ■=  0.5 

■ 3.39  X 10"^  moles/g 
e 

“ ±85A,  or  zero* 

For  25/75  and  75/25  Millar  IPNs,  wo  obtain  D,  values  of  60A  and  lOOA, 
respectively.  These  predictions  were  th'sn  tested  with  a Millar  IPN 
containing  25/J  Polymer  I with  0.45^  DVB  and  75?  Polymer  II  with  4?  DVB 
and  I?  Isoprone,  Electron  microscopy  revealed  a fine  structure  with 
phase  domain  diameters  for  Polymer  II  of  from  50  to  lOOA  (Figure  9), 

This  agrees  very  well  Indeed  with  the  prediction  of  60a  using  the 
Donatelll  equation  Polymer  11.  In  addition,  although  Polymer  1 Is  tho 
minor  component  (25?)  it  appears  to  be  the  more  continuous  one.  Hence, 

It  Is  apparent  that  even  when  an  IPN  Is  synthesized  with  chemically 
Identical  components  which  should  be  completely  compatible  on  a molecular 
level,  a discontinuous  Polymer  II  fine  structure  Is  detectable.  Thus, 
the  electron  microscopy  confirms  the  deduction  (from  creep  behavior)  that 
Polymer  II  within  tho  more  continuous  Polymer  I, 

Previous  work  by  Hueick,  Thomas,  and  Sperling  (52)  showed  that 
the  network  synthesized  ilrsf-  controls  the  morphology  of  the  IPNs 
and  Is  an  electron  micrograph  of  an  IPN  containing  72.2?  poly(ethyl 
acrylate)  with  I?  butadiene  as  Polymer  I and  27.8?  poly  (methyl 
methacrylate)  as  Polymer  II.  Poly(othyl  acrylate)  and  polylmethyl 
methacrylate)  are  isomeric,  o.'jch  having  tho  samo  molecular  welgivl  and 
very  similar  structures.  The  Interfac'tal  energy,  y,  should  he  close 
to  zero.  As  before,  the  micrograph  (Figure  10)  shows  a fine  structure 
with  a more  continuous  Polymer  I phase  and  a dispersed  Polymer  It  phase 
with  domains  less  than  lOOA  In  size.  Tho  morphology  seen  here  Is  similar 
to  that  found  In  the  25/75  Millar  IPN. 

An  Interesting  question  arises.  Do  those  polymers  represent  the 
ultimate  In  compatibility  of  an  IPN  on  a molecular  level?  Because  both 

Is  obtained  from  the  third  root  In  the  “cubic  equatlirn'' w'lion 'y=0 
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polymer  ne+works  are  chemically  identical  in  a Mi  Mar  |PN  (excludinq 
variations  in  crocsl I nker  level  and  addition  of  small  amounts  of 
I'ioprene),  it  is  believed  That  those  micrographs  Indicate  the  most 
compatible  IPN  possible,  The  Oonatolli  equation  suggests  that  the 
Polymer  II  domains  arise  due  to  the  physical  restraints  and  the  acciden- 
tal inhomogene  I ties  of  polymer  network  I. 

Consideration  of  the  molecular  processes  which  can  lead  to  a 
greater  and  lesser  phase  continuity  In  Millar  IPNs  suggests  that  random 
crosslink  variations  In  network  I are  Important. 

^ • Relevance  to  Other  Systems 

There  Is  a striking  analogy  between  the  Millar  IPNs  and  the 
multi-phase  aspect  ot  crossl Inked  resins  such  as  epoxies  (2,  9,  13, 

15,  22-26)  In  which  heterogeneities  with  sizes  the  order  of  mlOO’  have 
been  observed.  The  question  of  network  dominance  must  also  play  a role 
in,  for  example,  c-ipoxles,  for  at  gelation,  a continuous  network  Is 
formed  within  which  subaequent  curing  takes  place. 

5.  Conclusions 

Let  us  begin  by  reviewing  the  evidence,  Croop  master  curvjs  for 
polystyrene/ polystyrene  Millar  IPN's  in  the  glassy  and  glass-rubber 
transition  ranges  Indicated  that  the  behavior  was  closer  to  that  of 
polymer  I than  the  overall  composition  would  otherwise  suggest..  When 
compere  with  the  creep  behavior  of  single  networks  of  (a)  polymer  I 
composition,  (b)  the  statlsl leal  average  of  the  two  networks,  and  (c) 
polymer  II  comnositlon,  the  creep  master  curve  of  the  ;'iMlar  IPN  always 
fell  between  (a)  and  (b).  The  fact  that  network  1 dominated  the  mechanical 
creep  behavior  could  bo  explained  by  assuming  that  polymsr  netv/ork  1 
tended  to  be  mors  continuous  In  space  than  network  2.  Previous  work  with 
IPN's  of  two  drfbrenf  polymers  has  clearly  established  the  greater 
continuity  of  network  1,  but  there  was  no  a prior  reason  for  assuming 
that  the  same  i*3s  true  for  the  Millar  IPN  case. 

I3ofore  proceed! nc),  two  difficulties  In  the  obtaining  of  the  data 
requ-ro  dl  ivcus'' Ion.  First,  all  of  the  data  presented  hod  Hi«  lower 
crcsr.llnked  network  (0.4!S  DVR)  as  polymer  I,  and  the  higher'  crossllnked 
network  <r).0?  DVB)  as  polymer  II.  All  attempts  'to  synther. I ze  the  reverse 
Ml  liar  IPN  with  the  DVB  network  as  polyr'wjr  I failed.  TIuf  reasons 
were  rhe  limited  swel lability  of  densly  crossl Inked  networks,  and  their 
mechanical  Instability  In  the  face  of  swelling  pressures.  Swelling 
network  I In  the  presence  ot  toluene,  exchanging  ‘ho  toluene  hr  styreno- 
DVR  combinations,  followed  by  polymerization  yieic.od  a for  different 
product,  p^'obably  due  to  tlio  increased  level  ol  Intr'a  molecular  cross- 
linking  when  the  polymer  nx^leculos  were  .artificially  sopar-nted, 


The  second  problem  relates  to  the  variation  In  the  data  between 
one  master  curve  and  another,  both  of  nominal ly  ideiiTical  materials, 
with  the  creep  data  being  taken  as  Identically  as  possible.  An  ostlinato 
from  the  duplicates  obtained  (data  not  shown),  Indicates  a standard 
deviation  of  about  a half  an  order  of  magnitude  on  hhe  time  scale. 

Since  the  fetal  variation  of  all  of  the  data  was  about  two  orders  of 
magnitude  on  the  time  scale,  serious  attention  must  be  given  to  the 
possibl 1 Ity  of  the  accidental  nature  of  the  data.  First  of  all,  the 
25/75,  50/50,  and  75/25  data  each  fall  In  the  order  expected,  and  all  of 
them  crept  faster  than  the  2.21)  DVB  single  network.  Polymerizatloti  via 
U,  V.  light  and  through  thermal  chemistry  yielded  products  that  were 
substantially  Identical.  The  data  were  further  supported  by  swelling 
studies  and  modulus  In  the  rubbery  range.  Both  of  these  experiments 
Indicated  that  xho  Millar  IPN  behavior  tended  to  be  dominated  by  the 
crosslink  level  of  network  I. 

With  the  above  experiments  In  hand,  the  Donatelll  equation  was 
applied,  In  an  effort  to  estimate  the  domain  sizes  of  network  2. 

Values  of  about  60-100  8 were  calculated,  depending  on  overall  composition. 

Actual  transmission  electron  micrographs  of  osmium  tetroxlde 
stained  samples  substantiated  the  above  presumptions:  polymer  network  2 
appears  to  be  less  continuous,  with  phase  domains  somewhat  smaller  than 
100a,  The  experiment  had  same  problems,  however.  For  most  was  that 
ultrainicrotome  sections  of  under  300A  were  required,  to  detect  and 
study  domains  of  less  than  100A.  (Standard  cutting  thicknesses  are 
rarely  less  than  600°,)  Also,  to  be  sure  that  the  phase  doraalns-were 
not  caused  by  the  different  composition  of  polymer  II  the  Isoprene  level 
was  held  to  1^,  resulting  In  very  light  staining. 

Overall,  however,  all  of  the  evidence  to  date  supports  the  notion 
that  the  first  formed  network  In  a Millar  IPN  tends  to  bo  more  continuous 
than  network  2,  This  finding  has  enormous  Implications  for  the  synthesis 
of  many  tynes  of  thermoset  plastics,  which  may  behave  In  a similar 
manner.  For  example,  do  the  first  portions  of  matorlal  roact'iing  tho 
gelaMon  stage  maintain  greater  continuity  than  +hat  which  accidentally 
Is  polymerized  later  In  time? 


26 


•i 


l.iU'.' 


SECTION  V 


SYNTHESIS  OF  EPOXY  NETWORKS 


A number  of  epoxy  systems  have  been  Intensively  studied  over  the 
last  few  years  (5-26,46-48),  most  based  on  bIsphenol-A  derivatives. 
Variations  have  Included  the  nature  of  the  epoxy  resin  or  curing  agent 
(10,11),  the  length  between  functional  groups,  which  will  help  define 
(11),  temperature  (5),  and  Ihe  Introduction  of  reactive  diluents,  which 
may  dilute  the  network  and  also  alter  the  state  of  cure  (7),  Both  amines 
and  polyamides  have  been  used;  In  the  latter  case  (49,50),  the  M^,  can  bo 
varied  by  changing  the  amide  equivalent  content. 

For  this  study,  one  system  considered  for  selection  was  the  epoxy- 
amlne-dl t uant  system  used  by  Whiting  and  Kline  (7);  (Epon  828-dlethylene- 
tr I amine-styrene  oxide).  The  system  has  been  characterl zod  thoroughly 
In  terms  of  i reaction  of  the  epoxy,  groups,  and  concentrations  of  both 
-OH  and  -CH2-0-  groups  followed  as  a function  of  amine  and  diluent 
(styrene  oxide)  contents.  A wide  variety  of  degrees  of  cure  are  obtain- 
able, and  also  variations  In  as  a function  of  stolchlome+ry.  Moreover, 
values  of  yield  strength,  ultliriate  tensile  strengths  and  fracture  energy 
have  been  obtained  and  related  to  process  parameters.  A similar  system 
(Epon  828/methylene  d I ant  line  (MDA))wa5  also  studied  extensively  by  Bell 
ot  al.  (6,A6-48),  who  critically  analyzed  the  stoichiometric  aspects  of 
curing  and  also  determined  ...w  • '^octs  of  M In  other  amine-cured  resins 
(by  changing  the  molecular  weight  of  the  amine  curing  agent)  on  tensi  le 
and  Impact  strength. 

Bell  (47)  also  showed  that  the  presence  or  absence  of  an  exotherm 
had  no  effect  on  the  curing  reaction,  that  nearly  complete  curing  could  bo 
achieved  In  this  system,  and  that  predicted  values  of  M^.  agreed  well  with 
values  estimated  by  experiment.  Later,  Selby  end  Miller  (17)  sfudled  the 
Epon  fl28/MDA  system  extensively,  with  emphasis  on  the  effect  of  stoichio- 
metry on  fracture  toughness.  Since  this  combination  of  studies  provided 
excellent  background  In  fracture  behavior  as  well  as  other  properties, 
the  Epon  828-MDA  system  was  selected  as  a standard  of  reference  for  this 
study. 

At  the  time  this  program  was  begun,  another  advantage  of  this 
system  appeared  to  be  the  absence  of  gross  heterogeneity  of  the  type 
reported  for  other  systems  (2,8,22,23).  Selby  and  Miller  (17)  found 
craters  and  hillocks  (of  the  order  of  urn  In  size)  on  eiched  surfaces,  but 
small -angle  X-ray  studies  revealed  no  evidence  for  a two-phase  structure 
In  the  508  to  1008  size  range,  and  no  relationship  between  the  large 
morphological  features  and  fracture  behavior  was  observed.  However,  since 
then  increasing  evidence  has  been  produced  by  Selby  «t,  al.  (17,26) 

Ntargan  and  O'Neal  (24),  and  Racich  and  Kcutsky  (25)  confirming  the  ex- 
istence of  hotorogoneltles  of  various  sHTes.  In  fact,  as  will  be  discussed 
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!n  section  '/III,  a complex  niorphology  exis+s  for  the  resins  described  herein. 
Thus,  oven  with  carefully  prepared  epoxy  specimens,  Inhomogenelties  exist, 
presumably  reflecting  non-optimurt'  cosolubility  of  reactants  or  curing  (59). 
In  any  case,  with  careful  techniques,  It  should  bo  possible  to  prepare 
resins  which  are  reproducible  In  their  morphology  and  properties,  and  to 
use  these  as  standards  of  reference. 

For  Initial  study,  several  series  of  epoxies  were  prepared  based  on 
the  Epon  828-MDA  reference  resin.  Systems  Include  blends  to  achieve  equal 
equivalent  weights  but  different  distributions  of  molecular  weight  (and  M^), 
and  also  homopolymers  of  varying  molecular  weight  to  provide  additional 
standards  for  comparison.  Characteristics  of  those  and  related  resins  are 
described  In  sections  A-a  and  A-b,  and  procedures  and  results  In  section  B. 

A.  Structure  and  Stoichiometry 

a.  Structure  of  Epoxies; 

The  epoxy  prepolymers  used  In  this  study  all  have  the  following 
general  structure: 


where  n varies  from  0 to  24., 

As  supplied  commercially,  a distribution  of  composition  usually 
exists.  Indeed,  It  Is  possible  to  obtain  only  two  prepolymers  which  have 
relatively  narrow  distributions  of  molecular  weight  and  hence  equivalent 
weight:  Epon  825  (Shell  Chemical  Company)  and  EpI-Rez  509  (Celanese 
Coatings  CompanV).  As  will  be  described  later,  this  fact  along  with  re- 
quirements of  curing)  restricts  the  control  over  heterogeneity  In  molecular 
weight  M (and  hence  In  M^.)  which  can  be  achieved  In  blends. 

The  curing  agents  are  available  In  several  forms  and  purities,  the 
essential  component  being  methylene  dianillne  (MDA),  also  called  p,p'“ 
diami nophenyl  methane  (DOM):  . : 


^2''*  ^^2  “O'  ^^2 

The  nominal  characturlstics  (as  supplied  by  the  manufacturers)  of 
the  epoxy  prepolymers  are  given  In  Table  2, 
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Table  2.  Characteristics  of  Epoxy  Prspolymers. 


Prepolymer 

Equivalent 
wt,  g/eq 

Compos  1 1 
n=0  n= 1 

Ion,  wtjS 
n=2-8 

Epon  825 

176 

100 

Epon  828 

190 

75 

25 

» • 

Epirez  520-C® 

475 

- 

- 

Epon  1001° 

500 

11 

16 

72 

Epirez  522-C° 

,600 

Epon  1002° 

650 

- 

* 

Epon  1004° 

938 

**  Solid  at  room  temperature! 


Confirmation  of  the  distributions  will  require  the  use  of  gel 
permeation  ohromatographyj  this  characterization  was  accompi  Ishodon 
the  materials  used  In  this  study. 

b.  Stoichiometry  and  Mci 

For  estimation  of  Mg,  the  calculations  of  Bell  (47)  may  be  employed. 
Bell  developed  equations  for  Mg  based  on  the  stoichiometry  of  the  curing 
reaction  and  the  amount  of  primary  amine  and  epoxy  groups  remaining  In  the 
polymer  at  a given  time.  Since  calculated  values  woro  shown  to  agree  well 
with  values  estimated  from  measurements  of  swelling  and  the  polymer 
sol  vent- Interact  Ion  term  x (equation  1),  the  calculations  seemed  reason- 
able. 


With  curing  conditions  used  In  Bell's  and  this  study,  several 
Idealized  structures  may  "be- expected,  depending  on  the  stoichiometry 
(Fig.  11).  In  principle,  the  epoxy  prepolymor  Is  difunctlonal  and  the 
amine  tetrafunctlonol  so  that  under  conditions  of  equivalence  of  functional 
groups,  the  following  reaction  will  occur! 
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•CH  - CH^ 


V 

H. 


CH„  - CH 

^0 


,N  - R - N 


H' 

A 

■ CH  - CH, 


A 

CH^  - CH 


!H  - CH, 


CH2  - CH 


N - R - N 


f / ^ f 

CH  - CH^  CHo  - Ch 


At  other  stoichiometries,  structures  can  be  readily  visualized  by  refer- 
ence to  Bell's  paper. 


Thus,. with  an  amlne/epoxy  ratio  of  2! 1 (Fig,  11)  enough  primary 
amine  groups  are  present  to  theoretically  reaction  with  all  epoxy  groups 
and  yield  linear  chains,  In  fact,  as  shown  by  Bell  (47),  however,  some 
primary  amine  groups  may  remain  after  secondary  groups  have  reacted,  thus 
yielding  some  crosslinks.  In  this  case,  the  effective  Is  given  by  (48) 


aM^  + bMy  - (XtE){aM^  + bMg)/C3/2(2a-Y)  + (Xta)^} 


3/2(2a-x  - Y)  - (3/2(XtE)) 


wherei  a and  b are  the  number  of  moles  of  amine  and  epoxy,  respective! yj 
and  Mg  are  the  molecular  weights  of  the  amine  and  epoxy,  respectively; 
and  X and  Y are  the  numbers  of  unreacted  primary  and  secondary  amine  groups, 
respectively.  Since  the  concen+ratlon  of  unreacted  epoxy  groups,  E,  Is 
equal  to  2b“4at2X+Y,  analysis  of  X and  E gives  Y (48).  After  analysis, 

Ball  war  then  ubie  to  estimate  M^,.  From  his  tabulated  data,  a value  of 
about  1500  may  be  estimated, 


If,  on  the  other  hand,  the  structure  were  In  fact  linear,  and  con* 
versfon  complete,  M,.  would  In  effect  become  the  number  average  molecular 
weight  Mji  as  given  ily 


aM,  + bM- 


a - b 


Using  this  equation,  one  would  have  a value  for  M^,  of  ®.  In  reality,  con- 
version of  precisely  a 1 1 the  functional  groups  Is  not  complete;  even  a 
minuscule  decrease  from  100  percent  conversion  will  yield  finite  molecular 


weights.  Hence  the  significance  of  calculated  values  for  or  Is 
questionable  unless  very  accurate  analytical  data  on  the  concentration  of 
residual  functional  groups  Isavallsbia. 

For  the  case  of  equal  stoichiometry,  when  b‘'2a  (Fig.  II),  Is 
given  by 

= (aM.  + bMo)/3(b-a)  (B) 

c As 


When  the  amine  Is  slightly  In  excess,  equation  6 may  be  used  as  well. 

When  epoxy  Is  up  to  about  20  percent  In  excess,  M^.  Is  given  by 

Mq  - CaM^  - (b  - 4a)MgK3B  - 3/2{2b  - 4b)]  (9) 

which  allows  for  the  presence  of  not  more  than  one  dangling  end  per  branch 
point.  The  Idealized  structure  wii!  consist  of  on  amine  molecule  with 
epoxy  branches. 

B . Experimental  Details,  %'!>ults.  and  Discussion 

As  mentioned  above,  several  series  of  unblended  and  blended  epoxies 
were  prepared.  Oaneral  procedures  described  by  Bell  (47)  and  Manson  and 
Chiu  (49,50)  were  followed  for  systems  using  liquid  epoxies,  depending  on 
the  system;  variations  were  necessary  In  the  case  of  solid  epoxies.  Resins 
were  prepared  In  two  thicknesses:  0.25  In.  (6.35  irni)  for  fracture  studies, 
and  0.020  In.  (0,51  mm)  for  measurement  of  dynamic  mechanical  and  other 
properties,  Materials,  procedures,  and  general  results  are  discussed  below, 

a.  Materials; 

The  epoxy  resins  used  were  all  diglycidyl  ethers  of  bIsphenol-A 
oligomers:  Epon  series  825,  Q28,  1001,  and  1004  (Shell  Chemical  Company); 
and  Epirer  series  520-C  and  522-C  (Celanese  Coatings  Company),  Of  these 
prepolymers,  Epon  1001  and  1004,  and  Epirez  520-C  and  522-C  wore  solids  at 
room  temperature.  The  curing  agent  used  In  most  syntheses  was  methylene 
dlanlllne  (MDA),  obtained  In  the  form  of  Toriox  (Shell  Chemical  Company)  and  i 

99it-pure  MDA  (Aldrich  Chemical  Company).  In  a few  cases,  the  following  ;j 

polyamides  were  used  as  curing  agents:  Versamlds  115  and  140  (General  Mills  | 

Chemicals,  Inc.).  In  the  latter  case,  phenylglycldy I ether  (Shell  Chemical  j 

Company)  was  used  as  a reactlve'91  Uient.  All  resins  of  a given  type  were 
taken  from  a given  batch;  equivalent  weights  were  used  as  supplied  by. the 
manufacturers,  i 

i 

b . Preparation  and  Curlnci; 

The  various  procedures  for  preparation  and  curing  are  summarized 
below.  Compositions  are  given  In  following  sections: 
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1.  The  general  procedure  for  sya+ems  using  liquid  epoxy  prepolymers 
with  MDA  as  the  curing  agent  was  similar  to  that  used  by  Dell  (47). 

Following  prior  heating  to  60°C,  the  resin  and  curing  agent  were  evacuated 
for  5-15  min  to  remove  bubbles,  mixed,  cast,  and  cured  as  follows!  45  min 
In  c circulating  oven  at  60°C;  30  min  at  80°C,  end  2.5  hrs  at  150°C;  slow 
cooling  to  room  temperature.  The  mold  assemblies  comprised  clamped  5-In 

by  5-In  glass  plates  separated  by  0.02-In  (0.51  tnm)  or  0.25-In  (6.35  mm) 
ethylene-propylene  copolymer  or  teflon  spacers.  Both  Mold  Release  223 
(Ram  Chemical  Company)  and  Epoxy  ParFllm  (Price  Driscoll  Company)  wore 
used  successfully  as  mold  release  agents;  sheets  of  Mylar  were  also  ef- 
fective. With  care,  clear,  yellowish  to  brown  specimens  were  obtained  from 
which  bubblo-froe  sections  could  be  cut. 

The  cure  cycle  used  was  reported  by  Bell  to  give  essentially  complete 
curing  (47)  - a conclusion  supported  by  data  presented  In  section  VI, 
Somewhat  higher  temperatures  were  used  by  Selby  and  Miller  (17),  but  the 
effect  of  curing  temperature  as  a variable  was  not  examined  In  this  study 
beyond  completion  of  a few  exploratory  castings  which  did  not  yield  con- 
sistent results. 

In  order  to  check  on  the  efficacy  of  mixing  (In  case  the  multi-phase 
morphologies  noted  were  due  to  poor  mixing),  some  caslings  were  made  from 
solution  In  acetone. 

2.  Solid  epoxy  resins  were  first  melted  and  then  evacuated  to 
remove  any  air  bubbles.  The  curing  agent  was  mixed  In  under  vacuum, 
using  a magnetic  stirrer  In  order  to  avoid  air  entrapment.  Thick  and  thin 
films  were  cast  and  cured  using  the  following  curing  cycle;  1.5  hrs  a1  100°C 
and  2.5  hrs  at  150®C.  Later  the  samples  were  cooled  siowly  to  room 
temperature. 

3.  For  Versamid-cured  systems  the  procedure  developed  by  Manson  and 

Chiu  (49,30)  was  followed.  First  6 percent  by  weight  (based  on  the  total 
mix)  of  phenyl  glycldyl  ether  was  mixed  with  the  epoxy  prior  to  addition  of 
the  polyamide  In  order  to  reduce  viscosity  and  thus  facilitate  mixing  and 
removal  of  bubbles.  The  epoxy  resin  was  heated  to  40°C,  and  evacuated  In  a 
vacuum  oven  to  remove  absorbed  air  and  moisture.  After  the  curing  agent  Is 
heated  to  40°C  and  added  to  the  resin,  the  total  mixture  then  evacuated  for 
about  5 min.  Sheets  of  samples_were  formed  by  use  of  the  mold  assembi  l_es 
described  In  section  b-1.  ” - 

Details  follow  for  the  various  series  made, 
c . Series  A (varied  stoichiometry)! 

This  series  (with  MDA  os  curing  agent)  was  prepared  to  provide  a 
standard  for  comparison  with  other  specimens  prepared  In  this  study  and 
with  the  literature.  Table  3 gives  the  compositions,  on  the  basis  of 
equivalent  weights  (based  In  turn  on  specifications  supplied  by  the 
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manufacturer).  Theoretical  values  of  as  calculated  by  equations  6 tu 
9,  are  given  In  Tablo  3,  along  with  compositions. 


Table  3. 

Compositions  of  Series  A Epoxy  Resins. 

Designation 

Amlne/Eoo,xv  Ratio“ 

M„  (theoretical) 

A-7 

0.7  t 1 

1523 

A-8 

0.8  : 1 

526 

A-9 

0.9  : t 

383 

A-10 

1,0  : I 

326 

A-10A 

1.0  : 1 

326 

A-11 

1.1  : 1 

370 

A- 12 

1.2  : 1 

415 

A- 14 

1.4  s 1 

59’ 

A- 16 

1.6  ! 1 

924 

A-18 

1.6  ! 1 

1922 

A-20 

2.0  : 1 

« (Linear) 

A-22 

2.2  i 1 

W W 

* Al 1 era  based  on  the  use  of  Shel I Tonox  curing  agent, 
except  for  the  A-lOA  case,  for  which  99%  MDA  was  used. 

^ For  reasons  discussed  by  Boll  (47)  actual  values  for 
specimens  A-lfi  to  A-20  may  be  In  error,  In  any  case, 
the  error  will  not  affect  any  trends  observed  In  pro- 
perties as  a function  of  stoichiometry. 


Thffs  this  series  provides  rosins  covering  a’wldc  range  In  composi- 
tion, ranging  In  amine  excess  from  -30  perceivl  to  +100  pQrc<?nt, 

d . Series  B (blends  at  equal  M.,); 

For  this  series,  various  resins  were  blended  to  achieve  on  tooxy 
equivalent  weight  of  190  g/eq  (equivalent  to  that  of  Epon  626,  and  to  a 
value  for  of  326).  Stoichiometric  amounts  of  MDA  were  used  In  all 
cases.  Details  are  given  in  Table  4,  which  also  Includes  data  on  the 
blending  resins  themselves.  As  may  be  seen,  the  breadth  of  the  distri- 
bution of  Mj,  ■•'chlevod  was  necess.irlly  limited. 
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Tabla  1.  Compositions  of  Sorlor.  B (Blonds)  Epoxy  Rosin 


Desig- 

nation 

wt 

% of 

wt  % 

Ep 1 rez 

Epon 

Ep I rez 

Epon 

Epon 

n=0 

n-"l 

n=2-8 

522-C 

loot 

502-C 

828 

825 

B-1 

m 

11.4 

. 

88.6 

89.9 

1.8 

8.3 

B-2 

- 

10.3 

- 

9.6 

BO.l 

88.4 

4.1 

7.5 

B-3 

10.0 

- 

- 

- 

90.0 

- 

- 

m 

B-4 

- 

- 

11.8 

- 

88,2  i 

- 

- 

- 

B-5® 

- 

- 

- 

100 

- 

75 

25 

- 

B-6 

- 

6.7 

- 

50.0 

44.3 

82.4 

13.4 

4.2 

B-7 

- 

2.3 

- 

80.0 

17. 7 

- 

- 

Contro I res  I n . 


Series  C (equal  NL  but  different  stoichiometry)! 


In  order  to  determine  whether  or  not  behavior  nt  a given  NL  depends 
on  whether  or  not  stoichiometry  Is  IjI,  series  C was  made  (SU,  However, 
since  serloii  A proved  to  bo  adequate  for  this  purpose,  no  further  work  was 
done  with  series  C. 

t,  Series  D (Versamld  Resins): 


Details  of  these  resins  or©  given  In  the  previous  report  (51).  As 
mentioned,  no  work  was  donn  with  this  series  during  this  report  poi  ii'd. 
Several  rytlns  were  prepered  from  Epon  828  using  polyamide  curing  agent, 
Vorsamitls  115  and  140.  It  seemed  undesirable  to  examine  effects  of  dis- 
tribution In  using  Versarnld-based  resins,  which  are  softer,  tougher, 
and  typical  i.-f  adhesives  and  coatings  rather  than  rigid,  hlgh-Tg  resins. 
However,  In  vlev^  of  ccnsldarable  experience  at  Lehigh  with  such  resins 
(49-!31),  and  because  su'^h  rosins  were  expected  to  bo  easier  to  han.dle  than 
the  brlflle  MOA-cured  ones,  several  specimens  were  cured  (51)-,  During 
tht-^  report  period,  resins  based  on  stoichiometric  ratios  of  Versatinld-140 
and  Epon  825  and  828  wore  used. 

Compositions  ore  given  In  Table  5. 
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Table  5.  Compositions  of  Ser  os  D (VorsamI d-curod)  Epoyy  Rosins. 


IV 

i’ 


Designation 

Relative  Amlne/Epoxv  Proportions 

Epon  825  Epon  828  Epon  1001  V-115“  V-140® 

D-1 

1 

O 

O 

1 

D-2 

0 

1 

1 

0 

1 

D-3 

0 

1 

1 

1 

o 

1 

[ 

1 

® Amino  equivalent  weights  are:  V-115  and  V-140,  238  and  385  g/eq, 
respectively. 


9'  Series  E (Unblended  Resins,  equal  Stoichiometry); 

To  provide  a baseline  for  examining  the  effects  of  Mg  at  constant 
stoichiometry,  resins  based  on  the  following  prepolymers  were  synthesized 
using  stolchlotne+ric  amounts  of  MDA  as  curing  agent:  Epon  825,  826,  834, 
1001,  1002,  and  1004  (see  Table  6), 

Table  6,  Comjjositlon  of  Series  E (Unblended, 
as- Is)  Epoxy  Resins, 


Designation 

Epon 

Pre polymer 

Epoxy  Equivalent 

Thooi'otlcal 

M 

C 

E-1 

825 

176 

308 

E-2 

82B 

190 

326 

E-3 

834 

271 

430 

E-4® 

834 

271 

493 

E-5 

1001 

500 

740 

E-6 

1002 

680 

980 

E-7 

1004 

998 

1400 

Inadvertent  deviation  from  precise  stoichiometry. 


Of  these,  Epon  825  has  a naiTow  distribution  of  molecular  wol.qht, 
while  th'!  others  have  fairly  broad  distributions.  Also  E-4  contained  a 
slight  oxcocs  of  amino  (amlno/epoxy  ratio  -v  1.1). 
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h.  joric!^  I (HI ii»(la  l-'llutr Ibut Ion  Blends): 

In  order  to  broaden  the  distribution  of  beyond  the  range  charac- 
terlstic  of  Series  D,  It  was  necessary  to  move  to  values  of  which 
differed  from  the  value  of  326  (Epon  820).  It  was  possible  to  vary  the 
distribution  of  by  making  resins  which  had  the  same  average  M^.  values 
as  Epon  828,  Epon  834,  and  Epon  1001,  This  was  done  by  blending  a Epon 
825  (narrow  distribution  of  molecular  weight)  with  Epon  1004.  Distributions 
of  M_  may  be  expected  to  be  essentially  bimodal,  with  little  overlap, 

Details  are  given  In  Table  7. 


Table?,  Bimodal  Distribution  Epoxies. 


Sample 

Designation 

Epoxy 

Equivalent 

Me 

wt  % Epon  825 

In  Blend  ® 

r-1 

190 

326 

91.0 

F-2 

255 

413 

61.9 

F-3 

260.5 

419 

60,0 

F-4 

271 

430 

56.9 

F-5 

500 

740 

20.2 

®Blend  with  Epon  1004.  F-1,  F-4,  and  F-5  are 

equivalents  of  Epons  828,  834,  and  1001, 
respectively. 


I • Discussion 


Using  the  tochnlc|Uos  described.  It  was  possible  to  prepare  specimens 
suitable  for  testing,  albeit  with  considerable  difficulty  In  the  case  of 
the  solid  epoxies.  Reproducibility  of  casts  .appears  to  be  reasonable  (see 
section  VI). 

With  respect  to  the  blends,  It  Is  cloar  that  there  Hr«  limits  on 
the  number  of  blends  that  can  be  prspurod  from  rosins  which  themselves  have 
a distribution, 


37 


SECTION  VI 


GENERAL  CHARACTERIZATION  OF  EPOXY  NETWORKS 


A,  Introduction 


A principal  aim  In  the  epoxy  portion  of  the  program  Is  to  study 
effects  of  network  structure  on  ultimate  propertios  such  as  strength, 
toughness,  and  fatigue  resistance,  as  well  as  on  behavior  at  small- 
deformation  such  as  creep  or  stress  relaxation.  Adequate  correlation 
requires  thorough  characterization  of  the  polymers  concerned  - an  Ideal 
procedure  al l-too-often  unrealized  In  practice. 

Some  studies  In  the  literature  have  been  concerned  with  several 
aspects  of  behavior,  for  example,  tensile  strength  as  a function  of 
(7,46)  In  epoxies  rather  well  characterized  In  iernis  of  dynamic  mechanical 
behavior.  Other  studies,  for  example  of  fracture  toughness  and  fatigue 
have  not  Included  such  characterization,  and  sometimes  the  epoxies 
themselves  are  not  specified  (60-63),  It  was  therefore  decided  to  es- 
tablish Q standard  series  of  wel I -characterized  polymers  against  which 
specimens  having  varying  distributions  of  M,,  and  other  network  character- 
istics could  be  compared. 

Parameters  of  particular  Interest  are  the  crosslink  density  as 
oxpressed  by  which  also  reflects  the  degree  of  cure,  and  the  visco- 
elastic behavior,  which  reflects  the  segmental  mobility  and  energy  dis- 
sipation characteristics.  In  particular,  viscoelastic  response  is  often 
sensitive  to  differences  In  network  structure.  Microscopic  examination 
Is  also  Important,  to  verify  the  presence  or  absence  of  a two-phase 
morphology  (see  section  VIII), 

This  section  describes  the  characterization  of  the  rosins  dis- 
cussed In  section  V. 

B • Cross  1 Ink  Density! 

The  degree  of  euro  and  crosslink  can  bo  analyzed  In  several  ways, 
the  two  most  common  Involving  determination  of  swelling  (and  sol-gel 
ratio)  arid  modulus  In  the  rxibbery  state.  While,  as  will  he  seen, 
absolute  values  may  not  be  obtained  In  densely  crossi Inked  systems, 
values  still  give  an  excellent  "l^ndlcatlon  of  relative  network  character- 
Intlcs.  -,4(1,)  < 

Thus  Whiting  and  Kllna  (7)  showed  that  the  swelllnq  of  epoxy-anil no- 
di I uent  systems  was  very  sensitive  to  the  nature  of  the  network;  the 
measurements  were  used  to  Indicate  relative  values  of  Mf-.  Values  of 
can  also  be  estimated  from  swelling  using  the  Flory-Rehnor  equation 
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(B.:|ua1ion  1),  Lho  of  iliis  or  modified  einplricul  equal  iona  (2)  has  had 

some  success  with  epoxY  resins  (7,47);  In  any  case,  the  values  can  be 
correlated  with  values  derived  from  mechanical  tests.  In  principle, 
distribution  furictlons  can  be  estimated  for  from  measurements  of 
swelling  as  a function  of  pressure;  In  practice,  this  Is  difficult  (2). 

Values  of  can  also  be  determined  from  moduli  measured  by 
dynamic  mechanical  spectroscopy  using  a Rheovibron  or  similar  unit. 
Although  the  kinetic  theory  of  rubber  elasticity  (equation  2)  Is  not 
valid  for  highly  cross! Inked  systems,  an  approximation  (2)  may  be  useful 
(eC|Uation  10): 


log  G B 7.0  t 293  p/M^. 


(10) 


where  G Is  the  shear  modulus,  p the  density,  and  Me  the  average  molecular 
weight  between  crosslinks.  For  convenience,  p was  taken  to  equal  unity; 
true  values  ranged  up  to  n*  1.2  so  that  true  Mq  values  may  be  up  t®  20$ 
higher  than  estimated  below.  In  our  experience  (49,50),  equation  2 held 
well  for  several  epoxy  resins  (cured  with  polyamides),  yielding  values  of 
Me  In  excallent  agreement  with  prediction;  eguatlo.i  10  may  be  better  when 
the  rubbery  modulus  Is  greater  than,  say,  10®  dyn/cm^.  Values  of  M^.  have 
also  been  estimated  from  the  elevation  of  the  glass  transition  temperature, 
Tg,  by  rrossi Inking  (2,6) i 

- 3.?  X 10*» 

■ T - T 
S Go 


M. 


(11) 


where  Tg.  Is  the  transition  temperature  of  uncrossi Inked  polymer  (made  by 
incompleTely  curing  an  epoxy~amIne  mixture). 


As  discussed  below,  values  of  based  on  measurement  of  G were 

concluded  to  be  most  reliable  and  were,  therefore,  usually  used  for 
comparison. 


b.  Ff'f’ccts  of  CrossI  Inking  and  Network  Structure: 

Crosslinking  profoundly  affects  tho  viscoelastic  behavior  of  poly- 
mers: the  T_,  the  damping  (as  measured  by  tan  6 or  E"),  and  the  slope  of 
the  glass  transition  (2,6,7).  In  addition,  crosslinking  affects  the 
characteristics  of  the  next  loss  peak  appearing  as  one  lowers  the  tempera 
ture  from  Tg  ■ a peak  often  called  the  "$*'  peak,  as  distinct  from  the  "a" 
peak  corresponding  to  the  Tg  (18).  Some  changes  are  shown  In  Fig,  11. 

As  Me  decreases  (and  crosslink  density  Increases)  T-  shifts  to 
higher  femperatures,  and  at  very  tow  values  (densely  crossTInked  systems 
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such  as  phenolic  resins)  may  disappear  altogether.  Also  the  damping  peak 
Is  broadened  and  flaitened  as  crosslink  density  Increases,  the  maximum 
occurring  when  stoichiometry  Is  optimum.  Effects  of  stoichiometry  and 
diluents  are  readily  observed  The  distribution  of  crosslinks 

Is  believed  to  bo  In  large  part  responsible  for  the  noticeable  broadening 
of  the  glass  transition  as  Mg  decreases  (1,  chapter  4);  this  effect  Is 
also  seen  with  crystallinity.  Presumably  a spread  In  crosslink  distri- 
bution (or  crystallinity)  may  result  In  a spread  In  relaxation  times  and 
hence  slope  of  the  transition. 

Stress  relaxation  and  creep  are  also  sensitive  to  network  charac- 
teristics (2)  though  most  scientific  work  on  characterized  specimens 
appears  to  have  been  concerned  with  rubbers.  In  general,  creep  of  highly 
crossl Inked  systems  in  the  glassy  state  Is  very  slow,  probably  lower  at 
high  loads,  long  times,  and  temperatures  Just  below  T-  than  for  less 
cross! Inked  systems  (2).  The  stress  relaxation  technique  (which  Is 
essentially  equivalent  to  the  Inverse  of  a creep  test)  can  often  reveal 
long-time  effects,  when  coordinated  long  range  rrtolscular  motions  or 
disentanglements  first  become  Important.  Each  t/pe  of  test  has  been  used 
successfully  to  predict  the  modulus  of  epoxies  at  long  times  (TjS);  corre- 
lations using  time- temperature  superposition  principles  (2S)  In  the  form 
of  master  curves  Is  feasible, 

E3 . Experimental  Details,  Results,  arid  Discussion 

This  section  updates  and  revises  result's  reported  previously  for 
swelling  and  dynamic  mechanical  spectrccopy  (51),  New  results  obtained 
from  torsional  creep  studies  are  also  inesented  and  discussed. 

a . Swel 1 1 nof 

^ Details  were  described  In  the  last  report  (51);  see  Tigs,  12  and 
iji  It"  was  found  that  re?vults  for  series  A agreed  with  those  obtained 
by  Bell  (47),^  and  gave  a minimum  at  an  amlne/epoxy  ratio  close  to  the 
Ktolchinmetric  value.  However,  as  noted  by  Whiting  and  Kline  (7),  absolu'te 
values  were  difficult  to  reproduce.  For  this  reason,  fur'rher  studies  were 
confirmed  to  measurement  of  n simple  swelling  ration,  q',  measured  by 
Immorslon  In  acetone  for  15  days  anJ  defined  by 

a I swollen  wt  - dry  wt  , . 

" dry  v.rt 

Since  'the  densl'fy  of  specimens  changes  very  little  qs  a function  of 
s1o I ch lomsf ry  (7),  thl.s  relationship  should  suffice  ■+0  show  up  anv 
significant  effects  of,  for  e,yample.  Mg  distribution. 

In  the  earlier  work  (51),  H was  roportod  that  series  B (blended) 
resins  exhibiteci  swelling  behavior  similar  fo  that  oi  controls,  In  this 
part  of  the  study  (see  Tuble-i  d and  9),  values  o'f  q'  were  obtained  for 
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Swelling  data  as  function  of  Mj,:  closed  circle,  epoxy  excess 
In  Series  A;  open  circle,  amine  excess  In  Series  A;  and 
triangle,  Series  E. 
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Table  8.  Swelling  and  Extraction  of  Series  E Epoxies. 


Sample 

Mc“ 

% extraction 
a b avg. 

swel 1 1 ng  ratio,  q' 
a b avg . 

E-1 

308 

O.'Ja’’ 

1.23 

1.11 

0.25 

0..25 

0..25 

E-2 

326 

0.67 

o:'55 

0.61 

.26 

'.26 

,.26 

E-3 

430 

1.96 

1.96 

1.96 

.31 

.31 

.31 

E-4 

493 

'1,49 

1.31 

■1.40 

.31 

.31 

.31 

E-5 

740 

2.51 

2.56 

2.54 

•40 

.38 

.39 

E-6 

980 

4.56 

4.80 

4.68 

■ .46 

.45 

.45 

E-7 

1400 

5.45 

5.11 

5.28 

.49 

. .51 

.50 

“Theoretical  value. 


Tables,  Swelling  and  Extraction  nf  Series  F Epoxies 
(Qlmodal  Blends). 


Sample 

Me" 

jt  extraction 
a b avg. 

swel ling  ratio,  q' 
a : b avg. 

F-1 

326 

0.46 

0.37 

0.42 

0.26 

0.25 

0.25 

F-2 

413 

1.48 

1.30 

1.43 

.27 

.27 

.27 

F-3 

419 

0.46 

0.52 

0.49 

.29 

.29 

(■-4 

430 

2.05 

1.61 

1.93 

.31 

.31 

.31 

F-5 

740 

2.39 

2.7? 

2.56 

.:'9 

.39 

.39 

- 

“Theoretical  value. 
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series  E and  F resins  (epoxies  of  varying  molecular  weight  and  bimodal 
blends,  respectively)  and  plotted  against  M,-  calculated  theoretically, 
assuming  a 1:1  amine/epoxy  ratio  and  complete  reaction.  As  seen  In  Fig. 
14,  the  b I modal -blends  deviate  from  the  control  curve  when  330<Mc<430. 
(While  the  effect  Is  small,  similar  deviations  are  found  for  other  pro- 
perties - see  below.)  On  the  other  hand,  while  the  % extracted  rose 
steadily  with  M^,  the  broad-dlstrlbutlon  samples  bohaved  like  the  base 
resins  In  this  respect. 


In  order  to  correct  apparent  values  calculated  by  equations  7 
and  9,  volyes  of  residual  primary  amine  and  epoxy  groups  were  determined  by 
titration  Using  the  methods  described  by  Bell  (46).  Results  (Table  10), 
which  agreed  well  with  these  quoted  by  Bell  (46),  confirmed  that  cure  was 
essentially  complete,  at  least  for  amirie/epoxy  ratios  between  VI  and  2/1. 
Hpwevor,  values  for  residual  epoxy  were  consistently  low  and  Improbably 
values  of  Me  were  obtained  when  correction  of  N\s  values  for  Incomplete  net- 
works was  attempted.  For  A-20,  It  was  Impossible  to  calculate  Mg  from 
Bell's  equation  (48)  and  these  chemical  analysis  data.  In  fact,  more 
reasonable  value  [Mg  (calc)]  was  found  by  using  a simplor  equal  Ion  given 
by  Boll  (46),  which  had  been  printed  Incorrectly. 

Table  10.  Residual  Functional  uroups  in  Series  A Epoxies  and  Corrected  M . 


Speci- 

men 

Epoxy  Content 
mol  e/mo Iq 
of  epoxy 

Primary 
Amine  Content 
mo  1 e/mo  1 e 
of  epoxy 

Secondary 
Amine  Content 
mo  1 e/mo  1 o 
of  epoxy 

IJncorrected 

Corrected 

A- 7 

0.226 

n® 

n 

1523 

509 

A-8 

0.136 

n 

n 

526 

41 1 

A-9 

0.067 

n 

n 

383 

356 

A-10 

n 

n 

n 

,326 

326 

O 

c 

0,0.37 

n 

0.037 

326 

.3,31 

A-11 

n 

n 

0.2 

370 

362 

A-H 

■n 

n *-  ■ , ^ 

O.B 

592 

" 52(3 

A-16 

n 

0.045 

1.15 

924 

'829 

A-18 

n 

0.066 

1.47 

1922 

1571 

A-20 

n 

0.099 

1 .80 

cn 

b 

n = not  dotected. 

Impossible  to  calculate  using  Boll's  now  equation  and  analysis  data. 


For  this  reason,  M was  decided  to  estimate  from  values  for 
rubbery  modulus,  E'  (equation  2).  Since  values  E'  were  not  greater 
than  '^-)0MPa,  It  was  thought  that  equation  2 should  b'li  valid.  Also,  a 
plot  of  Me  (from  E')  against  Mg(calc)  gave  a sinooth  curve  (Fig.  15K  Thus, 
values  of  shoulS  reflect  reality  qualitatively  and  fairly  quantitatively 
as  wel I . 

Values  of  Mq  estimated  from  E'  are  given  for  series  A In  Table  11, 
along  with  values  calculated  from  equations  2,  10  and  11.  Tables  12  and 
13  give  data  for  series  F.  and  series  F.  Since  In  these  cases,  several 
values  estimated  from  E'  fell  off  the  curves  of  (from  E')  vs  (theor), 
values  of  (Efl)  wore  obtained  from  the  appropriate  calibration  curve. 

Table  11.  Values  of  Me  for  Series  A Epoxy  Resins. 


Specimen 


from 


rom  equation  2 


c.  Dynamic  Mechanical  Spectroscopy: 

Measurements  of  complex  Young's  modui I (1)  were  made  using  a 
Rheovibron  vl scoel astometer,  model  DDV-11,  (Toyo  Measuring  Insti  uiiiuiit 
Company).  The  Instrument  applies  a sinusoidal  tensile  strain  to  one  end 
of  a sample,  and  measures  the  stress  sensed  at  the  otiier  end.  Trans- 
ducers permit  the  reading  of  the  absolute  dynamic  modulus  |E*|  (the  ratio 
of  maximum  stress  to  maximum  strain)  and  the  phase  angle  6 between  the 
strain  and  the  stress.  The  storage  modulus,  E',  the  loss  modulus,  E", 
end  the  dissipation  factor,  tan  6,  are  given  as  follows: 

E'  ■ |E*|  cos  d 

E"  - |E»|  sin  « (13) 

tan  6 » E'7E' 


E"  and  tan  fi  are  measures  of  the  energy  dissipated  Irreversibly,  and  E'  a 
measure  of  the  energy  stored  reversibly, 

The  experimental  procedure  was  as  follows.  Thin  strips  (1^2  mm) 
were  cut  out  carefully  from  0.5mm  In  sheets  and  polished  well  along  the 
edges  using  fine  sandpaper.  Heating  to  above  T-  prior  to  cutting  helped 
minimize  shattering  of  the  more  brittle  specimens.  Measurements  were  made 
at  no  Hz  and  a heating  rate  of  rC/mln  over  a temperature  range  from 
-80°C  to  about  40°C  above  the  Tg.  Icing  of  the  specimens  at  low  temperature 
was  avoided  by  sweeping  dry  nitrogen  through  the  chamber. 

The  T-  and  B-transItlon  temperature  were  taken  from  the  major  and 
lower  maxima?  respectively,  on  the  loss  modulus  (E")  vs.  temperature  curves. 
The  slope  of  log  E'(d  log  E'/dT)  at  T-  was  obtained  In  the  region  of  Tn  ± 
4'^C.  ® 

Typical  original  data  ore  reproduced  In  Fig.  16  In  order  to  show  the 
kind  of  scatter  encountered.  Provided  that  care  Is  taken  to  frequently 
recalibrate  temperature  readings  and  to  allow  for  variations  In  the 
Instrumental  correction  factor  (K)  as  a function  of  specimen  cross-sectional 
area.  It  Is  possible  to  obtain  values  of  transition  temperatures  with  a pre- 
cision of  about  +2°C.  However,  reproducibility  of  absolute  values  of  E,  E', 
and  tan  6 in  the’glasuy  region  Is  less  good,  variations  of  up  to  40^  being 
commonly  observed. 


1 . Series 


le  Stoichiometry) 


Three  transitions  are  often  evident  In  the  dynamic  spectra  of 
epoxies,  as  one  descends  In  temperature  to  about  -SO^C!  one  at  high 
temperature,  (the  o peak),  one  at  a lower  temperature,  and  one  at  a still 
lower  temperature,  at  about  -40°C  to  -50°C.  The  a-peak  Is  associated  with 
the  glass  transition,  while  the  lowest-temperature  or  B-peak  Is  attributed 
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to  motions  of  tho  cjlycldyl  tiroup  (19).  The  middle  peak  Is  an  ar+ofact 
associated  with  Ino-mplote  curli\tj  (d).  It  may  also  bo  noted  that  with  one 
exception,  no  evidence  for  Incomplete  curing  or  a gross  two-phase  morphology 
Is  seen  In  the  dynamic  spectra,  as  has  been  noted  In  other  studies  (1,2,8); 
re-runriing  of  a specimen  gives  essentially  the  same  curve  as  before. 

Data  are  presented  In  Tables  14  and  15  and  displayed  In  Figs.  17  to 
20.  (Note  that  some  values  reported  previously  (51)  have  been  revised  after 
reevaluation.)  It  may  be  seen  that  Increased  crossi Inking  raises  the  temper- 
atures at  which  the  a and  p transitions  occur,  as  reported  In  other  studios 
(6,7,16).  Curiously,  values  of  Tg  are  Inexplicably  high— higher  than  those 
noted  by  Bell  (47)  (even  after  allowance  for  the  higher  frequency  used  In 
thlss^fudy)  and  higher  than  predicted  based  on  the  curing  temperature  (5). 

At  present,  no  explanation  In  terms  of  temperature  error  or  adiabatic  heating 
I s tenab I e . 

Incrodsod  crossi Inking  also  Increases  the  value  of  the  rubbery  modulus, 
Ej*.  (from  which  was  estimated  using  the  theory  of  rubber  elasticity,  equa- 
tion 2)  and  decreases  the  slope  of  the  a-transltlon,  In  conformity  with 
prediction  (2).  It  Is  Interesting  that  the  slope  Is  a function  of  stoichio- 
metry only  when  the  amine  Is  In  excess;  the  amine  appears  to  sharpen  the 
transition,  perhaps  by  enhancing  mobility  of  the  chain  segments.  The  maximum 
value  of  tan  6 at  the  a-transltlon  Is  also  decreased,  as  reported  by  Murayama 
and  Bell  (6)  but  Is  Increased  at  the  p-transitlon,  as  reported  by  Arrldge  and 
Speake  (18)  and  Pogany  (19). 

When  the  dynamic  parameters  ore  plotted  as  a function  of  M_,  It  Is 
seen  that  most  parameters  are  Independent  of  which  resin  component  Is  In 
excess.  Some  parameters  (slope  at  Tg  and  tan  6 value  at  T-)  show  different 
relationships  with  Mg  depending  on  wnether  the  amine  or  the  epoxy  Is  In 
excess.  This  behavior  suggests  that  the  networks  must  be  different  In  ihe 
two  cases.  Specifically,  since  the  6 transition  Is  attributed  to  the  local- 
ized notion  of  the  glycldyl  group,  It  Is  not  expected  to  bo  sensitive  to 
network  structure  details.  If  the  Increase  In  Tg  Is  due  to  tightening  the 
network  (by  approaching  stoichiometry),  then  the  Increase  In  tan  value 
seems  Inoxpl Icablo.  However,  contrary  +o  our  results,  Pogany  (19)  and 
Arrldge  and  Speake  (16)  observed  Tu  decreasing  os  more  and  more  excess  epoxy 
was  added,  and  the  amino  excess  did  not  affect  Tg  significantly  (both  with 
ril  IphcitU;  amlnt-s). 

2.  Sorlos  F3  Epoxy  Resins  (Blends) 

Data  for  this  series  are  given  In  Table  16,  see  also  Fig,  17.  It 
may  be  soon  that  the  blonds  comprising  this  series  behave  very  much  llkti 
the  reference  resins  of  series  A. 
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Tfible  H.  Dynamic  Mochonical  Data  of  Gorloc  A tpoxy  Resina  (Variable 
Stoich lometry) . 


Speci- 

men 

Amine/ 

Epoxy 

Ratio 

a 

u 

T " 

6 

°C 

d log  E'/dT 

at  T (n) 
a 

dyn/cm  -dog 

tan  (a  peak) 

Value  Temp.(^^C) 

-8^  ■ 

E^xlO 

dyn/cm^ 

A-7 

0.7 

132 

-62 

0.050 

1.10 

148 

1.54 

A- 8 

0.8 

162 

-60 

0.050 

0.91 

177 

2.59 

A-9 

0.9 

197 

-DO 

0.038 

0.72 

213 

4.05 

A-IC 

1.0 

198 

-45 

0.056 

0.70 

206 

4.20 

A-lOA 

KG': 

192-198 

-47 

0.043-0.050 

0.76-0.68 

2,02-206 

4.13-4.25 

A-n 

1.1 

190 

-52 

0.056 

0.82 

201 

3.82 

A-M 

1.4 

164 

-54 

0.067 

1.08 

176 

2.40 

A-16 

1.6 

141 

-56 

0.077 

1.25 

153 

1.38 

A-18 

1.6 

136 

-65 

0.083 

1.30 

149 

1.25 

A-20 

2.0 

119 

-68 

0.083 

1.60 

133 

0.78 

From  maxima  In  E"  vs.  tompsratur®  curvo, 

Storage  modulus  In  rubbery  state  (at  i Tg  + 40). 

Epon  820/99){  MDA.  This  specimen  was  shown  to  have  Incomplete  curltuji 
first  runs  on  new  specimens  gave  T(j“192,  n»0.050  and  repeated  runs  on 
tho  same  specimen  gave  T,^"198,  n“0.043,  l.e.,  further  curing  during  the 
test. 

Table  18.  Characteristics  of  the  3 Transition  of  Series  A Epoxy  Rosins 
(Variable  Stoichiometry). 


1 

1 

Specimen 

Am  1 ne/ 

Epoxy 

Ratio 

tan 

Temp.  °C 

6 

max 

Value 

Temp, 

E" 

max' 

A-7 

0.7 

-58 

0.051 

-62 

A- 8 

O.fl 

-54 

0,0,58 

-60 

A-9 

0.9 

-42 

0.063 

-,50 

A- 10 

1.0 

-40 

0.068 

-45 

A-lOA 

1.0 

-40 

0.060 

-47 

A-11 

1.1  ■ 

-46 

0.06fi 

-52 

A-14 

1.4 

-50 

0,066 

-54 

A- 16 

1 .6 

-54 

0.063 

-56 

A-18 

1.8 

-GO 

0,063 

-65 

A-20 

2.0 

-64 

0.056 

-68 

I 'r 

M* 


Table  16.  Dynamic  Mechanical  Data  of  Series  B L'poxy  Rosins  (Blonds),^ 


Samp  1 e 
No. 

tan 
at  0 

Ts, 

°C 

°c 

Er 

xlO-8 

dyn/cm^ 

Slope  (n.) 

d ( loa  E’ ) 

dT 

B-1 

,048 

-40 

198 

4.0 

.050 

B-2 

.045 

-38 

198 

4.0 

.056 

B-6 

.028 

-35 

198 

4.0 

.055 

B-S*’ 

.036 

-45 

198 

4.0 

.056 

B-4 

.038 

-44 

196 

4.0 

.050 

B-3 

.038 

-41 

198 

4.0 

.054 

® All  specimens  blended  to  give  Mf,  = 326;  for  compositions 
see  Table  3. 


Nominal  composition  for  Epon  828  (control  specimen)! 

° Tan  6(max),  seen  near  Tg,  ranges  between  0.70  and  0.71  in 
all  cases. 


Thus  the  broadening  of  the  distribution  within  the  I Imits  aval  table 
In  Series  B (see  Table  4)  has  no  significant  effect  on  viscoelastic 
behavior.  It  Is  true  that  Epon  828  (15$  of  epoxy  with  n=0;  2biS,  n»1) 
behaves  differently  from  Epon  825  (n"0),  but  the  difference  can  be 
attributed  solely  to  the  higher  Mg  of  the  latter. 

It  should  be  noted,  however,  that  some  viscoelastic  parameters 
change  significantly  with  Mg,  some  parameters  change  relatively  little. 

For  a 5“fold  decrease  In  crosslink  density,  E^  must,  of  course,  change 
5-fold,  and  Tg  drops  by  aO°C  - significant  changes  which  will  have  a 
profound  effect  on  engineering  behavior.  On  the  other  hand,  parameters 
characterizing  the  glass-to-rubber  transition  Itself  are  Insensitive,  the 
slope  jn  and  the  value  of  tan  are  changed  by  only  +60/5  and  +150S5,- 
respecTl voly.  Thus,  In  testing  for  consfstency  of  behavior  In  a cured 
epoxy  resin,  Ej.  and  Tg  would  be  the  best  properties  to  select. 

3.  Series  E Epoxv  Resins  (Unblended  Commercial  Resins) 

Viscoelastic  data  are  summarized  In  Table  17  and  In  Fig.  IB,  21,  and  22, 

In  general,  when  comparison  Is  made  at  equal  trends  In  viscoelastic 
behavior  Is  similar  to  that  observed  In  Series  A.  Indeed  values  of  Tg  and 
tan  agree  remarkably  well  with  those  of  Series  A,  while  values  or  n. 
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agree  reasonably  well.  Values  of  Tg  did,  however,  appear  to  vary  irore 
strongly  with  M^.  than  was  the  case  with  Series  A;  also,  for  a given 
theoretical  value  of  values  of  E'  were  consistently  lower  for  Series  E. 

Table  17.  D/namIc  Mechanical  Properties  of  Series  E Epoxy  Resins 
(Commercial  Resins). 


M _ 

fan  6 

(at  a) 
max 

■’’o' 

E'.GPi 

5°XlO. 

n 

men  C 

(theor. ) 

Value 

Temp,  ^C 

°C 

xIO^ 

308 

-35 

0.62 

221 

207 

0.45 

22 

5.2 

326 

-40 

0.75 

211 

197 

0.42 

21 

5.6 

430 

-46 

0.90 

175 

165 

0.17 

20 

6.7 

493 

-46 

0.95 

175 

165 

0.21 

20 

6.7 

740 

-55 

1.25 

157 

145 

0.10 

19 

9.1 

980 

-57 

1.40 

147 

135 

0.085 

18 

9.1 

1400 

-60 

1.52 

138 

125 

0.065 

18 

10.0 

From  maximum  In  tan  6. 

^ Eg  rafers  to  the  glassy  state.  ° I GPa  » 10^*^  dynes/cm^, 


Thus,  to  a good  approximation,  the  viscoelastic  behavior  of  the 
epoxy  resins  discussed  so  far  Is  governed  by  M^.,  and  hence  by  the  average 
crosslink  density.  This  Is  so  whether  a given  M_  Is  attained  by  varying 
stoichiometry  cfr  by  changing  the  molecular  weight  of  the  epoxy  prepolymer  - 
a conclusion  not  noted  In  previous  literature.  Several  of  the  viscoelastic 
parameters  will  now  be  discussed  In  more  detail. 

Tgi  Values  of  Tg  obtained  were  checked  Independently  using  differ- 
ential Scanning  calorimetry  (DSC)  and  the  GehmaFf  creep  tester.  As  shown 
In  Table  18,  excellent  agreement  was  obtained,  after  allowance  for  the 
differences  In  effective  frequency.  The  dynamic  tests  were  run  at  110  Hz, 
and  +he  creep  experiment  had  an  effective  frequency  of  0.1  Hz  (s  lO-sec- 
measuring  time),  while  the  effective  frequency  of  the  DSC  Is  somewhere  In 
between.  T 's  from  the  dynamic  and  creep  tests  differed  by  an  average  of 
24°C,  whlch^ls  In  good  agieement  with  the  prediction  that  Tg  .should  In- 
crease by  up  to  about  13°C  per  decade  Increase  In  frequency.  Also,  values 
of  the  temperature  at  which  tan  6 was  a maximum  wore  consistently  about 
8°C  higher  than  T (obtained  from  the  peak  In  E"),  as  expected. 


Table 

)B.  T Data 

q 

for  Series  E 

Epoxy  Resins. 

Specimen 

from  DSC 

from  creep 

Q 

from  Rheovibron 

E-1 

109 

174 

207 

E-2 

185 

167 

197 

E-3 

157 

142 

165 

E-4 

- 

- 

165 

E-5 

137 

116 

145 

E-6 

124 

108 

135 

E-7 

116 

101 

125 

° Frequencies:  Rheovibron,  110  Hz;  Rehrnan  tester,  0.1  Hz 
(5  measurement  of  E at  10  sec.  after  loading). 


Because  of  the  consistency  of  T„  as  a function  of  M-,  It  seemed 
reasonable  to  develop  a quantitative  relationship  between  the  two 
parameters.  Several  relationships  are  doscribod  by  Nielson  (1,  pp. 23-24); 
the  simplest  of  these,  obtained  by  averaging  many  data  In  the  literature, 
may  be  expressed  os  follows: 


T 


g 


3.9  X 10' 


(14) 


where  K Is  an  empirical  constant,  and  Tg.  is  the  Tg  of  uncrossi Inked 
polymers  having  the  same  composition  as  the  polymer  of  Interest.  By 
extrapolating  Tg  (at  110  Hz)  to  Mg  » ■»,  a value  of  100°C  was  found  for  T . 
On  averaging  values  of  K for  all  Series  E resins,  equation  M becomes  “ 


7 - 
U 


T 

Oo 


3.2  X 10 
M. 


(15) 


In  good  quantitative  agreement  with-  Nlelnen's  approximation.  Of  course, 
the  constant  K may  vary  somewhat  for  different  epoxy  systems. 

Once  established  for  a given  epoxy  system,  equation  15  could  be 
used  as  the  basis  for  a simple  test  to  determine  for  any  rosin  of  the 
same  type.  (Of  course,  Tg  Is  of  Interest  in  Its  own  right.)  A major 
advantage  Is  that  can  be  measured  quickly  and  precisely  by  a variety  of 
techniques,  o.g.,  DSC,  which  are  more  convenient  and  loss  time-consuming 
than  creep  or  dynamic  mechanical  spoc+roscopy . 
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Young's  Modulus;  As  expected,  Vounfj's  modulus  at  room  temperature, 
Eg,  was  found  to  be  nearly  Indopendenl  of  prepolymer  molecular  weight 
(Table  17).  All  values  fall. within  the  range  2±*2GPb,  compared  to  an 
average  of  1*3GPa  for  obtained  from  tensile  stress-strain  curves  (section 
VII).  However,  the  mean  values  of  E do  tend  to  decrease  slightly  but 
consistently  as  Mg  Is  Increased. 

Rubbery  Modulus;  The  rubbery  modulus,  Ep,  was  found  to  be  related 
to  the  modulus  In  the  glassy  state,  Eg,  and  to  Ep  the  modulus  of  a network 
having  Mg*"  by  the  following  expression 


K,(Mc- 


06) 


where  Ki  Is  a constant,  and  M-  Is  the  value  of  corresponding  to  Eg  (that 
is  a value  which  corresponds  to  the  case  of  no  glass  transition.  The 
following  parameters  were  found  to  give  a good  fit  to  the  data  (for  E = 

2.0  GPa  ' 


E'  - 4MPa 

r,“ 

M “ 190 

°1 

K,  = 0.6 

Tan  (Si  Since  the  value  of  tan  Increases  with  It  Is  of 
Intent  to  define  the  relationship.  The  following  expression  was  found  to 
hold  for  Series  E: 


tan  - tan  6 
0 nax 


tan  6 


max 


(M 


c 


(17) 


where  tan  = the  value  of  tan  6 for  = “, 

N'iqjS  the  Mj.  at  which  tan  ==  0,  and 
K,  = constant,  3x10^  in  this  case. 


M was  determined  by  plotting  tho  ratio  of  tan  vs.  and  extrapolat 
Ing.to  tan  The -value  thus  dstennlned  for  was  T60  —In  fair 

agreement  wltn  the  value  of  190  determined  In  the  pluvious  discussion  of 


Slope,  n!  As  mentioned,  the  slope  £ varies  directly  with  M^,.  Tho 
following  expression  was  found  to  correlate  the  experimental  data  welh 

1 = Kj  log^y 
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I 

h 

where  = a constant,  and  } 

M^=  the  limiting  value  of  at  which  n‘0. 

Using  the  present  data,  n=0  when  ‘=75--a  value  lower  than  found  from  E 
and  tan  3 

4.  Series  F Epoxy  Resins  (BImodal  Blends) 

Viscoelastic  data  are  summarized  In  Tables  19  and  20  and  In  Figures 
21  and  22. 

Table  19.'  Dynamic  Mechanical  Properties  of  Series  F Epoxy  Resins 
(BImodal  Blends). 


Specimen 

Tan  fi 

max 

^g' 

4 

EJGPa 

X 10 

Slope 

xIO'^ 

Value 

Tamp.  °C 

E' 

'*r 

F-1 

326 

-40 

0.75 

21 1 

197 

0.42 

21 

5.6 

F-2 

413 

-45 

0.75 

185 

174 

0.21 

20 

5.6 

F-3 

419 

-45 

0.80 

175 

166 

0.17 

20 

5.9 

F-4 

430 

-46 

0.75 

168 

150 

0.17 

20 

5.6 

F-5 

740 

-55 

1.25 

157 

145 

0.10 

19 

9. 1 

As  was  the  case  with  Series  B and  Series  E,  most  properties  ut  coniitant 
are  little  affected  by  the  greater  breadth  of  the  M.  distribution. 
However,  two  new  probable  anomalies  exist.  First,  the  slop©  of  tho  glass 
transition  tends  to  be  lower  than  for  F-2,  F-3  and  F-4,  resins  with 
valUQS  between  500  and  600,  Second  (Fig.  21),  Tg  Is  abnormally  low  for 
specimen  F-4.  This  cannot  be  duo  to  an  error  In  measurement,  for  tho 
value  found  Is  In  excellent  agreement  with  values  determined  from  creep 
and  DSC  studies. 


The  conclusion  that  an  anomaly  In  T,,  exists  Is  supported  by  Fig,  2 


which  displays  Tg  as  a function  of  nominal  composition.  Clearly  there  Is 
a sharp  break  In^tho  Tg-compositlon  curve  between  compositions  correspond- 
ing to  F-3  and  F-4,  At  high  Epon  825  contents,  tho  T,,  Is  dominated  hy  tlie 


Epon  825  component;  nt 
that  component. 


GJ 


high  Epon  1004  contents,  tho  Tg  Is  dominated  by 
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WT  X EPON  825 


M(.)uro  12>  Tg  as  function  of  wt  % of  Fpon  B25 
ri>3in  for  serltis  E and  F. 


Tal)  1 0 

20.  T Data 

y 

(or  Sorloy  F 

Eptjxy  Rosins. 

Specimen 

T^,  °C 

from  DSC 

from  creep 

from  Rheovlbron 

F-1 

184 

167 

197 

F-2 

163 

147 

174 

F-3 

157 

139 

166 

F-4 

146 

129 

150 

F-5 

136 

IIB 

143 

3 


7 


•k 

T 

( 

r» 

.»! 

.i 

.J 


d.  Creep! 

Measurements  of  creep  modulus  (lO-sec)  wore  mode  using  tho 
Gehman  torsional  tester,  as  described  In  section  IV.  Data  were  obtained 
at  times  between  10  and  1000  sec.,  over  a temperature  range  which  spanned 
the  glass-to-rubber  transition  region,  Creep  or  stress  reloxatlon  dis- 
plays the  transition  region  on  log-time  scale.  Since  a few  degrees  In 
temperature  corresponds  to  a decade  In  time,  creep  or  stroiis  reloxatlon 
provides  a convenient  window  to  observe  transition  behavior  with  a high 
degree  of  sensitivity, 

A typical  curve  Is  shown  In  fig.  23.  Tfie  data  ore  then  shifted  to 
obtain  a master  curve  at  150  C using  the  tlmo-temperatura  superposition 
principle  (20).  Calculations  showed  that  the  experimental  nnd^theorotlcol 
values  for  the  WLF  shift  factor,  aj,  agreed  well  between  tg'-IO  C and  Tg+ 
25°C.  The  time  constant,  T (actually,  the  characteristic' retardation" 
time)  was  measured  at  the  Inflection  point  of  the  transition  In  E, 

1 . Series  A Epoxy  Resins  (Variable  Stoichiometry) 

As  shown  In  Fig.  23  and  Table  21,  cloarly  T,,  changes  vary  signifi- 
cantly—by  orders  of  magnitude— as  the  anil  ne/opoxy  ' ratio  and,  hence, 

Is  varied,  reflecting  the  change  In  Tg  from  114  C fo  160  C.  These  values 
agree  well  with  values  obtained  uslng^dynamlc  mechanical,  spectroscopy  (see 
Table  12).  Curiously,  the  slope  of  tho  transition  was  constant  <3xcbpt  for 
specimen  A-20;  since  the  slope  of  the  a transition  In  the  t-T  plots  varied 
significantly  with  stoichiometry,  one  might  have  expected  a change  In  the 
creep  transition  slopes  as  well.  Finally,  the  creep  behavior  at  constanf 
Mg  Is  Independenl  of  which  component  !s  In  excess. 


3/j«t»X  f<T».  Pa 


Table  2).  Creep  Data  for  (.poxy  Sorior  A. 


Specimen 

g’  ^ 

Bl 

log  T . 

sec  ^ 

b 

n 

A- 7 

114 

30 

-9.7 

-0.36 

A-B 

140 

33 

-2.5 

-0.38 

A-10 

168 

44 

4.0 

CM 

0 

1 

A-12 

151 

50 

0.3 

-0.38 

A- 20 

100 

10 

-13.0 

-0.63 

a 6 

determined  by  finding  IT10  temperature  at  which  E = 2x10  Pa, 

“ d [log  E (t)3/d  (log  t^). 


2,  Series  E Epoxy  Resins  (Unblended  Commercial  Realns) 

Results  are  given  In  Table  22  and  Pig.  2b,  As  with  Series  A,  the 
creep  behavior  Is  very  sensitive  to  crosslink  density*  with  values  of  log 
t ranging  between  -6  and  7.6,  depending  on  the  nwlecular  weight  of  the 
prepolymer.  In  contrast  to  Series  A,  however,  the  transition  slopes  tend 
to  Increase  steadily  as  Increases.  In  a sense,  '-in  Increase  In  epoxy 
molecular  weight  seems  to  flexiblllze  the  system,  thus  sharpening  the 
transition.  (Jt  should  bo  noted  that  values  of  are  greater  than  for 
Series  A because  of  tho  lower  reference  tornperatuK)  used  with  the  IZ 
series. 

Interestingly,  tho  valuos  of  Ep  and  Tjj  ogree  well  with  datn  obtainnd 
from  other  tests  (soo  Tublo;;  17  niui  In).  ; 


(')f; 


t 

r 


1 


M 


TnbUj  '/2.  Ct'oop  liitri  for  ScrioL',  I-  Kpcsy  Uesln;-* 
(Rodiicfi'J  to  1?9^C). 


Specimen 

EJ.^  MPc, 

1 '-J 

I ^ 

f 

! 

"■■■* 

n 

E-1 

W4 

'5 

7.6 

-0.38 

E-2 

167 

45 

6.0 

-0.46 

E-3 

142 

30 

3.4 

-0.63 

E-4 

- 

- 

- 

- 

E-5 

118 

08 

-2.5 

-0.59 

E-6 

108 

09 

-5.4 

-0.71 

E-7 

101 

-6.0 

-0.80 

At  T + 35°C. 

g 


4 . Series  F Epoxy  Resins  (BItnodal  Bland) 

Creep  data  are  summarized  In  Table  23;  see  also  Fig.  2S.  In 
general,  at  constant  M^,  Series  F‘  tends  to  behave  like  Series  E.  There  Is, 
however,  a possibility  that  specimens  F-2  and  F-3  may  deviate  somewhat  from 
the  n_-M;,  curve,  and  that  specimen  F-4  may  deviate  from  tho  Tg-Mg  curve. 

The  Slopes  for  F-2  and  F-3  are  also  low  when  n.  Is  plotted  vs,  tho  % Epon 
825  In  the  blend,  as  In  the  value  of  Tor  F-4,  Finally,  the  Tq  for  F-4 

Is,  as  noted  before,  significantly  lower  than  expected. 


Table  23.  Creep  Data  for  Series  F Epoxy  Rosins 
(Reduced  to  12g°C). 


Mf’a 


log  Tc 


-0.38 

-0.40 

-0.39 

-0.44 

-0.71 


.Spec  I men 


0 ■ Effect  of  Dlstrlbullun  of  M„  on  Viscoelastic  Behavior! 


In  general,  for  a given  average  variations  In  the  distribution 
of  Mq  may  be  expected  to  have  little  or  no  effect  on  properties  such  as 
glassy-state  or  rubbery  moduli.  This  expectation  Is  amply  confirmed  by 
this  study.  Effects  on  the  transition  behavior  (e.g.,  Tg,  or  slope  of  the 
transition),  could  be  expected  In  principle,  and  have  Indeed  been  proposed. 
In  fact,  this  study  shows  little  effect,  unless  the  distribution  Is  made 
extremely  broad.  While  the  deviations  In,  for  example,  specimen  F-4  are 
small,  they  exceed  twice  the  experimental  error  In  some  cases,  and 
anomalies  are  observed  In  a number  of  tests.  At  the  same  time,  no  evidence 
for  Incomplete  curing  has  been  nott-d  for  any  specimens,  and  recasting  of 
F-4  gave  a resin  with  essentially  the  same  properties  as  the  first  specimen. 
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SECTION  VII 


FRACTURE  TOUGHNESS,  FATIGUE  CRACK  PROPAGATION  AND 

STRENGTH  OF  EPOXY  NETWORKS 

i 


A,  Introduction 

This  section  deals  with  fracture  toughness,  fatigue  crack  propa- 
gation (FCP),  and  stress-strain  and  Impact  behavior.  Measurements  and 
results  are  described  after  the  general  Is  discussed. 

a.  Fracture  Toughness; 

Fracture  toughness  may  bo  measured  using  either  of  two  approaches, 
based  on  concepts  of  either  a critical  energy  balance  or  a critical 
stress  Intensity  factor  (31). 

The  former  concept  Is  due  originally  to  Griffith  (60),  who  showed 
that  crack  extension  In  an  Ideally  brittle  solid  containing  an  ellipti- 
cal crack  should  occur  at  a stress,  a,  when  the  following  relatlonsnip 
holds  (assuming  a plane  stress  condition); 


where  E Is  Young's  modulus,  S the  surface  energy  of  the  sol  Id,  a the 
crack  length,  and  G (a2S)  the  strain  energy  release  rats.  Put 
simply,  the  release  of  strain  energy  must  exceed  the  amount  of  energy 
required  to  break  bonds  and  form  new  surface. 

In  fact,  values  determined  for  S Invariably  greatly  exceed  those 
calculated  on  the  basis  of  bond  fracture?  energies  (31).  Thus,  even  a 
brittle  epoxy  exhibits  a value  for  3 tne  order  of  lO**  erg/cm^  - two 
orders  of  magnitude  greater  than  calculated;  more  ductile  rosins  show 
even  greater  discrepancies.  Thus  S should  be  considered  as  an  "effective" 
fracture  energy  that  Includes  a dominant  contribution  from  plastic 
deformation,  evidence  for  which  Is  seen  by  electron  microscopy. 

The  second  concept  Is  due  to  Irwin  (61),  who  suggested  that  crack 
Inslablllty  could  be  expressed  In  terms  of  the  stress  intensity  factor 
K - a measure  of  tho  dlstrlbn+lon  of  stress  at  the  crack  tip.  Since  K 
can  be  calculated  from  the  applied  stress,  creek  length,  and  geometry, 

It  Is  an  especially  convenient  parameter  for  correlation  purposes. 

Catastrophic  crack  propagation  will  occur  when  either  o or  K 
roach  critical  levels  (o^.  or  K^.),  corresponding  In  turn  to  critical 
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voluos  of  5 or  G.  The  two  concepts  ore  ossontinlly  oi|u  I vo  I cut,  onci 


for  the  case  of  Interest  here,  plane  strain,  whore  v Is  Poisson's  ratio. 
K|c  Is  a useful  material  constant,  though  It  depends  on  temperature  and  on 
the  mode  of  crack  opening.  (For  simplicity,  we  shall  use  "K^"  below.) 

The  fracture  energy,  S,  of  the  Epon  Q28/MDA  system  has  been 
determined  by  Selby  and  Miller  (17),  and  found  to  be  dependent  on  both 
the  method  of  test  and  on  the  MDA  content,  tending  to  peak  at  an  amine/ 
epoxy  ratio  of  1.3.  Values  ranged  between  0.7  MPa  and  1.5  MPa, 
depending  on  the  test.  Values  reported  for  other  epoxle.s  range  between 
0.4  MPa  and  1.5  MPa  (62). 

b.  Fatigue  Crack  Propagation! 

Fatigue  failure  may  occur  by  two  mechanisms:  (1)  a thermal  mode  In 
which  failure  occurs  by  melting  due  to  hysteretlc  heating,  and  (2)  a 
mechanical  mode  comprising  tho  Initiation  and  propagation  of  a crack. 

The  rate  of  temperature  rise,  AT,  characteristic  of  thermal  failure  Is  a 
function  of  stress  amplitude,  a,  frequency,  f,  and  the  loss  modulus,  G" 
(26): 


AT  = CfG"o2  (21) 

where  C Is  a constant,  and  G"  Is  itself  a function  of  f and  T.  While 
temperatures  can,  Indeed,  rise  In  the  fatigue  of,  for  example,  epoxy 
resins  In  composites  duo  to  such  hysteretlc  heating  of  a whole  specimen, 
this  study  Is  concerned  with  low-frequnncles  and  loads  well  below 
those  which  will  cause  largo  temperature  rises.  Of  course,  there  may 
bo  hysteretlc  effects  locally,  but  the  volume  of  polyi'.or  affected  Is  small, 
and  any  effect  will  be  seen  as  an  effect  on  the  mechan lea  I propagation 
rate. 


Failure  of  a resin  takes  place  In  two  stages:  Inltlaflon  of  a 
crack,  and  propagation  of  tho  crack  to  catastrophic  rupture.  _ While  In 
some  cases,  tho  Initiation  step  may  be  tho  critical  one,  f requentl y -Ifi 
plastics  tho  propagation  step  Is  the  mast  Important  (63).  Thus,  most 
polymers  contain  flaws  Introduced  during  processing.  Such  flaws  will 
begin  to  grow  after  a certain  number  of  cycles  - the  number  being  lower 
the  higher  the  stress  applied.  However,  the  Important  point  In  determining 
fatigue  life  Is  the  number  of  cycles  required  to  grow  those  flaws  to  a 
size  which  meets  the  requirements  of  catastrophic  fracture  (see  equation 
19).  In  fact,  frequorifly  most  of  the  fatigue  life  Is  In  the  stage  of 
crack  propagation;  also,  failure  may  occur  at  loads  well  below  those 
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required  for  static  rupture.  Hence  measurements  of  fatigue  crack  propa~ 
gatlon  are  of  special  interest  in  the  characterization  of  tcjughness  in  an 

engineering  plasticj  In  addition,  approximate  values  of  a quasi-fracture 
toughness  may  be  obtained  as  well  (see  below). 

The  crack  propagation  region  can  be  examined  exclusively  by 
precracking  (notching)  the  test  specimen  so  that  the  artificial  flaw  Is 
essentially  ready  to  propagate.  This  approach  has  received  Increased 
attention  recently  (63)  and  was  adopted  In  this  Investigation. 

A useful  parameter  to  characterise  the  fatigue  crack  propagation 
(FCP)  response  In  notched  specimens  Is  tho  stress  Intensity  factor  K 
mentioned  above  (61).  Derived  from  principles  of  fracture  mechanics, 
the  stress  Intensity  factor  describes  the  stress  conditions  at  the  tip  of 
the  advancing  crack  and  Is  defined  by 

K * Yo»^  (22) 

where  K Is  the  stress  Intensity  factor,  Y a correction  for  specimen 
geometry,  o the  stress,  and  a the  crack  length. 

Fatigue  crack  propagation  data  are  generated  by  cycling  notched 
samples  within  a constant  load  range  and  recording  crack  growth  over  the 
corresponding  number  of  fatigue  cycles.  Under  fatigue  conditions  K will 
also  vary  over  a range  defined  by  AK  (calculated  from  equation  22).  The 
crack  length  a will  also  increase,  enabling  tho  measurement  of  the  rate 
of  crack  growth  per  cycle,  da/dN,  over  a range  of  AK.  It  has  been  shown 
(64))  that  the  relationship  between  da/dN  and  AK  can  often  be  represented 
by  a simple  equation  of  the  forms 

* . AIK"  (23) 

where  A and  n are  constants  for  a given  polymer.  Other  relationships 
exist,  but  offer  no  special  advantage  In  discerning  trends  In  tho  effects 
of  chemical  structure  and  composition  (63). 

In  addition,  using  equation  22,  an  approximate  value  of  K may  bo 
estimated  from  the  value  of  the  last  value  of  AK  noted  prior  to 

catastrophic  failure,  and  the  load  range.  It  has  been  shown  that  good 
agreement  can  be  obtained  with  values  of  K^.  measured  Independently  from 
static  fracture  tests  (63).  . 

Using  this  relationship  between  da/dN  and  AK,  It  Is  possible  to 
analyze  the  FCP  response  of  a polymer  as  a function  of  external  variables 
such  as  frequency  and  temperature  (64,65)  and  structural  variables  such  as 
molecular  weight,  composition,  and  plasticization  (65-69).  Using 
equation  23,  many  correlations  between  fatigue  and  structural  parum-'-ters 
have  been  made  successfully.  The  following  factors  have  been  shown  to 
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enhance  FCP  resistance:  crystallinity,  high  molecular  weight,  linearity 
vs  crosslinking,  and  presence  of  a rubbery  Inclusion.  Several  specific 
points  In  these  studies  are  worth  noting  In  more  detail. 

First,  while  studies  of  controlled  crosslinking  have  not  been  made 
until  now,  earlier  work  In  these  laboratories  showed  that  crosslinking 
tends  to  Increase  the  slope  of  the  da/dN  curve  and,  at  least  at  high 
values  uf  to  decrease  significantly;  each  of  these  effects  Is  a 

measure  of  decreased  toughness.  Further,  studies  with  a densely  cross- 
linked  epoxy  resin  showed  that  stable  FCP  behavior  could  be  obtained  only 
for  a few  cycles,  and  then  only  by  Increasing  the  temperature.  (A  new 
possible  solution  to  working  with  such  brittle  thermoset  resin  Is 
described  later;  see  section  B-a,  below). 

Second,  there  Is  an  unexpectedly  large  effect  of  molecular  weight 
In  linear  polymers  such  as  poly(methyl  methacrylate)  and  poly(vlnyl 
chloride)  (67,68);  In  fact,  I’t'  was  shown  that  dfi/dN  varies  with  the 
term  e(Qxp)1/M.  Values  of  K_  also  depend  strongly  on  M,  rising  sharply 
as  M exceeds  the  critical  value  required  for  chain  entanglements  to 
become  effective,  and  levelling  off  more  or  less  asymptotically  at  higher 
values  of  M - say,  the  order  of  10^.  However,  even  tnough  M Is  In  the 
nearly  asymptotic  range,  the  FCP  rats  at  a given  AK  still  depends 
strongly  on  M.  Hence  a strong  specific  effect  of  fatigue  per  so  exists  - 
an  effect  attributed  to  a disentanglement  of  chains  due  to  cyclic  loading. 
The  higher  the  average  molecular  weight,  the  greater  the  resistance  to 
fatigue,:  a high-molecular-welght  tall  In  a broad  distribution  also  gives, 
for  the  same  average  M.  enhanced  fatigue  resistance  (67). 

Third,  the  B transition  appears  to  play  a role  not  only  In  strength 
phenomena  such  as  yielding  but  also  In  FCP  and  Its  sersitivlty  to 
frequency.  Thus  the  FCP  rate  Is  highest  at  the  temperature  and  frequency 
corresponding  to  the  B transition  (63);  the  closer  tost  conditions  corres- 
pond to  the  6 transition,  the  greater  the  sensitivity  of  FCP  rate  (at  a 
given  AK)  to  froquency— the  rate  being  reduced  by  an  Increase  In  frequency. 

Fourth,  It  has  been  abundantly  clear  that  crazing  In  advance  of  the 
crack  tip  Is  a nearly  universal  phenomena  In  fatigue  as  welt  as  In  static 
crack  growth.  Under  some  conditions  (65),  the  craze  grows  Incrementally 
with  each  cycle,  and  the  crack  then  strikes  through,  yielding  one  strlatlon 
par  cycle  on  the  fracture  surface.  Under  other  conditions',  the  craze  may 
grow  for  many  cycles  before  the  crock  strikes  through,  yielding  one  strla- 
tlon for  many  cycles  (so-called  "discontinuous  growth  bands").  While 
pr'QcIse  explanations  of  the  role  of  structure  In  craze  formation  do  not  yef 
exist.  It  seems  likely  that  stable  crazes,  and  hence  a degree  of  crack 
growth  resistance,  require  the.  presence  of  oven  a small  proportion  of  high 
molecular  weight  material  (70).  Although  crazing  has  been  reported  In 
epoxies  (15),  nothing  Is  known  about  crazing  and  fatigue.  It  does  seem 
likely  that  crazing  will  tend  to  be  suppressed  by  tightly  crossl Inked  net- 
works. in  any  case,  fracture  surface  morphology  ("fractography")  can  help 
In  elucidating  the  micromochanisms  of  fnlluro  (71). 
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Finally,  relatively  little  has  been  published  on  fatigue  In 
monolithic  epoxy  resins.  Schrager  (72)  has  noted  Increases  In  the  shear 
modulus  and  dissipation  factor  In  an  epoxy  resin;  a similar  effect  has 
been  noted  by  Cutwater  and  Murphy  (73).  It  was  suggested  that  eye  I Ing 
may  have  enhanced  the  degree  of  cure.  Cutwater  and  Murphy  also  found  that 
da/dN  was  a linear  function  of  dK.  Sutton  (74)  described  FCP  In  a "repre- 
sentative commercial  epoxy-resin"  cured  with  tetraethylene  pentamlne,  and 
also  found  that  equation  23  and  a variant  which  takes  account  of  mean 
stress  held  very  well.  The  response  was  quite  sensitive  to  mean  stress; 
with  da/dN  at  constant  AK  Increasing  by  two  orders  of  magnitude  for  a 5- 
fold  change  In  load  ratio  (t^in/^nax  0-5).  Tomkins  and  Biggs 

(75)  suggested  that  FCP  In  a brittle  epoxy  Is  dominated  by  crack  branching 
—a  phenomenon  possibly  related  to  crazing. 

c . Stress-Strain  and  Impact  Behavior; 

.Several  studies  describe  stress-strain  behavior  In  epoxies;  some 
results  being  especially  relevant  to  this  program.  Thus  Selby  and  Miller 
(17)  reported  that  Young's  modulus  of  the  Epon  828/MDA  system  depended 
somewhat  on  stoichiometry,  with  minima  at  amlne/epoxy  ratios  of  Ii1 
(tension)  and  1.1/1  (compression)  - a finding  apparently  Inconsistent 
with  the  expectation  that  modulus  might  be  highest  at  equal  stoichiometry. 
If  It  varied  at  al 1 . Tensile  strengths  also  tended  to  exhibit  a similar 
minimum.  On  the  other  hand.  Bell  (46)  reported  essential  Independence  of 
tensile  strength  on  stoichiometry.  Labana  et  al,  (76)  and  Whiting  and 
Kline  ( 7 ) worked  with  different  epoxies,  but  found  slight  variations  In 
tensile  strength  and  modulus  with  stoichiometry.  Finally,  Kaelble  (59) 
reminds  the  reader  that  moduli  and  strengths  In  the  glassy  state  should 
depend  more  on  cohesive  energy  density  and  polymer  chemistry  than  on  the 
network  structure  per  se.  (Plasticization,  however,  could  change  the 
values  s IgnI f loanti y . ) 

Impact  strength  has  been  studied  by  Bell  (46)  as  a function  of 
stoichiometry.  Ho  reported  essentially  no  dependence,  though  his  limited 
data  could  permit  the  conclusion  that  Impact  strength  may  peak  In  the 
amlne-nlch  roglon. 

B . Experimental  Details,  Results  and  Discussion 
a . Fatigue  .'studies 

Fatigue  test  spoclitions  used  were  cast  sheets  (see  section  Vl-B) 
!/4-ln  (0.635  cm)  x 3-In  (7.62  cm)  x 3-In  (7.62  cm)  In  dimensions.  Such 
speclmons  aro  commonly  referred  to  as  "compact  tension"  specimens.  A 
1/4-In  (0.635  cm)  notch  was  first  cut  Into  the  edge  using  a saw;  a veo 
was  then  cut  using  a fine  Jeweller's  saw.  Specimens  were  mountad  using 
pin  grips, 


To  Tho  otviok,  .j  'jhiirp  ra^or  lilaclo  wrir;  drawn  ..icrors  tho  lip 

of  Iho  voo,  and  cycllny  wa'i  then  begun  at  a low  load.  The  load  war, 

gradually  incroassd  until  the  crack  was  observed  to  begin  growing.  This 
procedure  was  satisfactory  for  all  specimens  except  those  having  hi 
stoichiometry,  though  great  care  was  necessary  since  only  a slight  In- 
crease  In  load  sufficed  to  Induce  catastrophic  rupture. 

For  the  1 1 1-stoIchlometry  specimens,  the  above  procedure  proved 
to  be  Ineffective,  and  stable  cracks  could  not  be  grown.  However,  It 
was  found  that  stable  crack  growth  could  be  Induced  by  rubbing  the  razor 
blade  to  the  vea  while  the  specimen  was  being  cycled.  In  this  way,  a 
crack  could  be  Initiated  with  considerable  delicacy.  Discovery  of  this 
procedure  constitutes  a significant  advance  In  dealing  with  specimens 
such  as  brittle  epoxies.  The  technique  also  works  with  other  polymers 
which  are  prone  to  fall  before  a stable  crack  can  be  Induced,  and  may 
well  open  up  the  possibility  of  studying  refractory  materials  which  are 
otherwise  most  difficult  to  handle. 

For  compact  tension  specimens,  AK  Is  given  by 


AK  = 


YAPy^ 

BW 


(24) 


where  AP  Is  the  load  range,  B tho  specimen  thickness,  W ihe  specimen 
width,  a tho  crack  length,  and 

Y » 29.6  - I85.5(a/w>  + 655.7(a/w)^  - 10l7(a/w)3  + 63e.9(a/w)‘*  ' (25) 


All  fatigue  tests  were  performed  on  an  MTS  o 1 ectrohydraul Ic  closed 
loop  testing  machine  operated  at  a test  frequency  range  of  10  Hz  and  with 
the  load  ratio  P(nin/Pmax  “ ^rack  growth  rates  were  monitored  with  the 

eld  of  a travelling  microscope  In  Increments  of  approximately  0.25mni. 
was  determined  from  the  last  stable  value  of  AK  rated  prior  to  fracture, 
after  allowing  for  the  load  ratio  used  (63).  All  fatlguo  tests  wore  run  In 
laboratory  air.  Fracture  surfaces  wore  examined  by  scanning  oloctron 
microscopy. 

b.  Fracture  Toughness 

Data  for  series  A,  series  B,  and  series  D ere  given  In  Table  24;  see 
also  Figures  26  and  27.  Clearly,  values  of  K,-,  Increase  smoothly  as  the 
amine  content  Is  Increased,  In  terms  of  fracture  energy,  we  have  a range 
from  10  J/m^  to  440  J/m^,  In  good  agreement  with  values  reported  by  Selby 
and  Miller  (17)  based  on  different  tests.  As  expected,  series  D (cured 
with  Versamid,  which  confers  f lextbl 1 li'y)  exhiblls  sill  I higher  fraclure 
toughness.  Since  eS  (equation  20),  and  since  E In  fact  Increases 

slightly  with  tho  amlna/e()oxy  r.itlo  (see  Section  VI),  the  principal  effect 
of  amino  excess  Is  to  copHt  ductility  (In  the  sense  of  plastic  deformation) 
and  hence  Increase  S. 
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Table  24.  Fracture  Toughness  and  Fatigue  Charncheristics  of  Epoxy  Resins 
(Series  A,  B,  D). 


Series  Type 

Specimen 

Amine/ 

Epoxy 

Ratio 

+9 

AK^ 

b 

K^,MPa\'^n 

Slope  of 
da/dN 
Curve 

Variable 

Stolchioinetry 

A-7 

0.7 

0.50 

0.58 

9.3 

A-8 

0.8 

- 

- 

- 

A-9 

0.9 

0.49 

0.63 

19.3 

A- 10^ 

1.0 

- 

- 

- 

A-lOA 

1.0 

0.53 

0.73 

II. 1 

A-ll 

l.l 

0.58 

0.78 

7.7 

A-14 

1.4 

0.75 

0.93 

17.6 

A-16 

1.6 

0.72 

0.93 

18.3 

A-ie 

1.8 

0.79 

0.98 

19.0 

A-20 

2.0 

0.83 

1.0 

9.9 

Epoxy/Versamid 

D-2 

1.0 

0,68 

1 .00 

7.9 

Type 

0-3 

1.0 

0.68 

1.22 

7.9 

Epoxy  Blends 

B-l 

1.0 

0.53 

0.72 

13.6 

{M„  « 326) 

B-2 

1.0 

0.57 

0.60 

11.6 

B-3 

1.0 

0.57 

0.76 

15.8 

B-4 

1.0 

0.57 

0.78 

10.8 

B-S'^ 

1.0 

0.53 

0.72 

13.6 

^ At  da/dN  =>  3 x lO"^  mm/cyc. 


° Calculated  from  relationship  K = Al< 

c max 

A-IO  and  are  equivalent;  A-lOA  Is  similar,  but  cured  with  '■39^  MDA 
Instead  of  Tonox. 
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Amine/ Epoxy  Ratio 


Flquro  26,  Fractu'-Q  toughnoss,  K^,  and  FCP  paraniatorr,  AK**  (AK  at  dn/dN 
3x10”^  mni/cyc),  and  sTope  of  tho  da/dN  curve  an  a function 
of  thc3  stress  Intensity  factor  rangu,  AK,  as  function  of 
stoichiometry;  circles  and  triangles  for  sorlos  A,  open 
corresponding  to  A-10A;  shaded  nron  for  series  0. 


ricjuro  21,  I'rac+urG  toughness,  K^.,  and  FCP  parameters  Alv  (AK  at  da/ 

dN  3x10"^  iim/cyc),  and  slope  of  the  da/dN  curve  as  a function 
of  the  stress  Intensity  factor  range,  AK,  as  function  of  M,,! 
open  circle,  amlnti  excess  In  series  A;  closed  circle,  opoxy 
excess;  shaded  area,  series  B;  open  triange,  series  E; 
closed  triangle,  series  F. 
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On  the  other  hand,  an  excess  of  epoxy  rosin  decronses  K„.  Since  ir.  i;.; 
increased  by  such  excess,  the  value  of  S must  be  significantly  lowered  by 
1he  presence  of  branched  epoxy  structures.  (For  discussion  of  fluii  contra- 
dictory trends  In  K^,  tensile  strength,  Impact  strength,  and  renslle 
onergy-to-break,  see  section  o) . 

Although  series  B blends  appear  to  be  slightly  rougher  than  series 
A controls,  the  effect  does  not  seem  to  be  statistically  significant. 
Hence,  a moderate  distribution  in  Mj.  does  not  appear  to  Influence 
appreciably. 

All  series  R resins  (Table  25,  Figure  27)  exhibited  values  of  IC 
close  to  thuse  of  series  A.  Although  data  for  series  E resins  appear  to 
scatter  more  than  those  for  series  A,  specimen  F-5  still  seems  to  exhibit 
a high  value  of  In  comparison  with  Its  counterpart,  E-5— a value  higher 
than  those  of  Its  constituent  resins,  E-l  and  E-7.  This  polnf  is  worth 
further  Investigation. 

So  far  then,  fracture  toughness  Is  Increased  by  Increasing  the 
amlna/epoxy  ratio  or  by  Increasing  the  molecular  weight  of  the  epoxy  pre- 
polymer. On  the  other  hand,  contradictory  effects  of  distribution  In 
are  observed  In  the  limited  number  of  systems  studied,  the  direction  of 
the  effect  differing  In  Versamld  and  MDA  systems, 


Table  25.  Fracture  Toughnes.s  and  Fatigue  Character' I sties 
Of  Epoxy  Resins.  (Series  E and  F) 


Series  Type 

Specimen 

aa 

AK^ 

b 

K MPa*^ 
c 

n" 

Unblended  Commercial 

E-l 

E-2' 

E-3 

t-4 

E"5 

E-6 

E-7 

0.51 

0.53 

0.72 

0.70  . 

0.87 

0.72 

1 .07 

1 .02 

9.2 

13.6 

10.5 

13.4 

BImodal  Blends 

F-l 

-- 

-- 

F-2 

— 

— 

— 

F-3 

— 

-- 

— 

F-4 

— 

— 

— 

F-5 

0.78 

1 .56 

11.9 

^At  da/dN  - 3xl0"  mm/cyc.  ^Calculated  from  luiatlonshlp  K^,  « 
‘“Slope  of  da/dN  curve. 

E-2,  13-5,  and  A-10  are  equivalent;  see  Tables  3,  4,  and  6, 
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c.  Fatigue  Crack  Propaga-Hon  (FCP) 


Several  FCf’  parameters  are  presented  In  Tables  24  and  2.5,  and  In 
Figures  26  and  27.  The  behavior  Itself  Is  Illustrated  In  Figures  28  to  32, 
Inclusive. 

. First,  for  Series  A,  the  data  show  that,  Just  as  K did,  values  of 
(a  measure  of  the  energy  to  drive  a crack  at  a given  velocity)  Increase 
as  the  amine  content  Increases.  Data  for  Series  B fall,  within  experi- 
mental error,  on  the  same  curve.  In  contrast,  the  Series  D resins  are 
Identical  In  their  behavior,  except  for* their  K values,’  This  finding 
Is  In  contrast  with  the  results  of  Selby  and  MlTler  (17)  and  Bell  (46), 
who  found  maxima  In  static  K and  Impact  strength,  respectively,  as  a func- 
tion of  amlne/opoxy  ratio,  see  also  the  contrast  with  tensile  data 
obtained  In  this  study  (Section  e). 

In  any  case,  the  results  are  quite  self-consistent,  and  should 
serve  as  a standard  of  reference  for  future  work.  Indeed,  L\C  correlates 
well  with  K (Figure  33)  - a relationship  suggested  earlier  by  Manson 
and  Hertzberg  (64).  Thus,  In  contrast  to  metals.  It  was  shown  that  the 
higher  the  static  fracture  toughness,  K , the  greater  the  value  of  ,\K 
required  to  drive  a fatigue  of  Interest^here  exhibit  a similar  phenomenon. 

Further  work  will  be  required  to  clarify  the  role  of  distribution 
In  Mg  on  FCP  rates,  However,  so  far,  modest  changes  In  distribution  do 
not  affect  FCP  behavior  significantly. 

d.  Fracture  Surface  Morphology 

Fracture  surfaces  of  ail  resins  examined  resembled  those  of  other 
glassy  polymers  (71),  with  a classic  combination  of  smooth  and  rough 
regions  and  rlver-llke  features  running  In  the  direction  of  the  crack.  As 
with  other  crossi Inked  polymers,  there  was  thus  evidence  for  considerable 
plastic  deformation. 

In  view  of  current  findings  that  fatigue  cracks  often  grow  dis- 
continuous I y — that  Is,  many  cycles  being  required  before  the  crack  Jumps 
to  a new  position  — surfaces  were  examined  for  evidence  of  fatigue  strla- 
tlons  corresponding  to  crack  Jumps.  Although  strlatlons  could  be  seen, 
they  were  too  faint  to  photograph.  However,  their  spacings  were  measured 
at  various  locations  (corresponding  to  particular  values  of  AK  and  crack 
length  £,  As  shown  In  Figure  34,  da/dN  curves  constructed  using 
vatues  of  da/dN  thus  derived  were  plotted" against  AK,  along  with  data  for  - 
specimen  A-20.  Clearly,  the  cracks  grow  Incrementally  — one  Jump  per 
fatigue  cycle. 

With  other  polymers  discontinuous  growth  has  been  shown  to  reflect 
the  growth  of  stable  crazes  ahead  of  the  growing  crack.  If  crazes  do  grow 
ahead  of  the  crack  In  these  epoxies  (and  no  direct  evidence  has  yet  boen 


’■IS 

■ n 


i ;) 


f 


1 ; 


B1 


K,  MP/>vR' 


Figure  28, 


Typical  FCP  behavior  as  a function  of  AK.  'Specimen, 
t=10Hz. 
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aK,  MPa^/^n 


Fig.  31.  FCP  behavior  of  Series  D (polyamide-cured)  epoxy  resins: 
only  the  first  and  last  points  shown;  f = 10  Hz, 


85 


AK^,  MPdVfn 


Kc,  MPa^ 


Fig.  33.  Correlation  of  (AK  at  an  arbitrary  crack  ■ rowth  rate) 
and  Kj.  In  epoxy  resins, 


found),  the  crazes  must  be  able  to  resist  only  one  load  cycle  --  a 
phenomenon  found  with  other  polymers  only  at  very  high  loads  or  high 
molecular  weight. 

Finally,  no  evidence  was  found  for  the  existence  of  large  aggre- 
gates of  microgel  (see  section  VIII.  This  observation  does  not,  however, 
exclude  the  possibility  that  such  aggregates  exist,  for  the  crack  could 
pass  right  through  them,  as  Is  the  case  with  poly  vinyl  chloride.  The 
use  of  selective  etching,  as  reported  In  Section  VIII,  should  bo  helpful 
In  settling  this  question. 


Tensile  tests  were  made  using  an  Instron  tester  at  room  temperature 
according  to  ASTM  test  D-638-68,  type  IV,  with  a crosshead  speed  of  1.27 
mm/sec.  Young's  modulus,  (E),  ultimate  tensile  strength  (a^j),  yield 
strength  (o  ),  ultimate  elongation  (c^),  and  energy-to-break  (T)  were 
determined.^ 

Impact  tests  were  conducted  according  to  ASTM  test  D-256-70,  method 
B (Charpy  type,  notched). 

Results  for  the  various  series  of  resins  are  presented  and  discussed 

below. 

1 . Series  A Epoxy  Resins  (Variable  Stoichiometry) 

Tensile  data  are  presented  In  Figures  35  to  38,  as  a function  of  both 
amlne/epoxy  ratio  and  M^.  In  general,  results  are  similar  to  those  reported 
by  Bel  I (46),  Selby  and  Ml  I ler  (17),  and  Whiting  and  Kl tne  (7).  Values  of  E 
and  Sy  do  tend  to  be  lower  and  higher,  respectively,  probably  due  to  the  use 
of  the  thinner  specimens  In  this  case,  with  consequently  greater  plastic 
deformation  at  the  edges.  As  noted  by  others  (7,17,46),  the  absolute  magni- 
tudes of  Oy,  E,  and  vary  little  (±20^  at  most)  over  the  whole  range  of 
stoichiometry.  On  the  other  hand,  the  toughness  or  energy-to-break,  T 
(corresponding  to  the  area  under  the  stress-strain  curve),  shows  a 2-fold 
variation  (consistent  with  systematic  variations  In  Ojj  and  E^^.) 

This  general  relative  Insensitivity  Is  as  predicted  for  tests  In  the 
glassy  state  (59)j  glassy-state  properties  should  be  iriore  closely  related 
to  cohesive  energy  density  (that  Is,  to  the  specific  polymer  chemistry  of 
the  system)  than  to  the  network  structure.  In  other  words.  If  the  polymer 
behaves  as  an  elastic,  brittle  solid,  one  would  not  expect  major  differences 
In  glassy  behavior.  Nevertheless,  as  may  be  seen  from  Figures  36  to  39, 
small  but  consistent  second-order  variations  In  E,  o^^,  and  i-.u  can  be  seen, 
with  maxima  or  minima  noted,  usually  when  the  amine  Is  slightly  In  excess. 
Interestingly,  values  of  E and  are  more  than  50i{  of  the  values  predicted 
theoretically  for  a brittle  glass  (59),  confirming  that  the  specimens  are 
reasonably  we  I 1 -behaved. 

In  some  cases,  for  a given  M^,  the  tensile  behavior  depends  on  which 
component  Is  In  excess.  A similar  observation  was  made  for  some  vl.sco- 
elastlc  behavior  (see  Section  VI). 
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Fig.  36.  Tenslie  toughness,  T,  of  Series  A epoxy  resins 
vs.  amlne/epoxy  ratio. 
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Values  0'  Impact  strength  (Figures  39  and  40)  agree  reasonably 
well  with  Bell's  (46 ) , though  the  peak  with  Series  A Is  shl fted  s I Ightly 
and  flattened.  As  with  T,  Impact  strength  is  more  sensitive  to  sto I Chio- 
s' metry  than  are  E,  a , and  g . 

t u u 

i In  sufimary,  modulus  and  strength  tend  to  be  higher  when  amine  or 

I epoxy  Is  significantly  in  excess,  while  Impact  strength  tends  to  be  lower. 

I For  further  discgsslon  of  the  Interplay  between  tensile  and  Impact  properties, 

I fracture  toughness,  and  morphology,  see  sections  VIII— 3.4  and  IX. 

I 2 . Series  E Epoxy  Resins  (Unblended  Oommerelal  Resins) 

I Tensile  data  for  Series  E are  given  In  Table  26  and  Figure  36, 

J Results  are  In  reasonable  agreement  with  those  of  Series  A,  when  plotted 

as  a function  of  M , though  the  data  are  somewhat  more  scattered,  with 
results  at  the  highest  M tending  to  fall  below  the  trend  for  Series  A, 

I In  general,  however,  as  8lth  viscoelastic  behavior,  tensile  behavior 

tends  to  follow  M regardless  of  whether  a particular  M Is  obtained  by 
j changing  stoichiometry  or  by  changing  prepolymer  molecular  weight, 


Table  26,  Tensile  Data  for  Series  E Epoxy  Resins 


Sample 

i Elongation' 

““EpPi 

MPa 

E-1 

9.911.0 

1.121. 12 

6913 

- 

E-2 

12.711.2 

1.151. II 

7512 

m 

£-3 

12.312.2 

1.131. 10 

7613 

m 

E-4 

9.0±0.5 

1.341. 10 

7413 

- 

E-5 

10.510.7 

1.521.13 

6913 

7542t> 

E-6 

10.811.7 

1 .231.05 

64i7 

74±lb 

E-7 

- 

- 

- 

- 

^Yleld  Strength  (where  observable). 

“Actual  stress  at  fracture. 

Impact  strengths  (Figure  407  do  not  agree  as  well  with  those  of 
Series  A as  did  other  properties  (perhaps  due  to  differences  In  operator 
technique,  Impact  tests  being  very  sensitive  to  this  factor).  However, 
the  results  are  Internally  consistent,  and  show,  In  contrast  to  the 
case  of  Series  A,  a tendency  to  decrease  as  M Increases  (that  Is,  as 
the  prepolymer  mol  ecu 'ar  weight  Increases). 
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Fig.  39.  Charpy  Impact  strength,  I,  of  Series  A epoxy  resins  as 
- function  of  amlne/epoxy  ratio.  - - 
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F'lg.  40.  Churpy  Impact  strength,  I,  as  function  of  M • closed  circle 
epoxy  excess  In  Series  A;  open  circle,  amine  excess  In 
Series  A;  open  triangle  for  Series  E;  closed  triangle  for 
Series  F;  and  squares  are  Bell's  data  (ref.  46). 


Impact  Strength,  J/m 


Figure  41.  Impact  strength  and  e-transttlon  temperature  for 
series  E epoxy  resins. 
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Table  27.  Impact  Data  for  Series  E and  Series  F Epoxy  Resins 


In  view  of  the  fact  that  Impact  strengths  may  be  related  to  the 
e-transltlon  behavior  (77),  the  relationship  was  examined  with  Series  E, 

It  was  found  that  the  higher  To,  the  greater  the  Impact  strength  (Fig.  41). 
This  behavior  was  not  noted  with  series  A,  Conceivably  this  relationship, 
which  agrees  with  some  results  reported  by  Vincent  (78)  but  which  disagrees 
with  other  rusults  In  the  literature,  may  be  due  to  a role  of  tan  6,  which 
would  be  higher,  the  closer  the  test  temperature  to  Tg. 

3.  Series  F Epoxy  Resins  (BImodal  Blends) 

Tensile  data  are  summarized  In  TBble28  and  Figure 36.  In  general, 
values  of  E.  and  o,,  tend  to  fall  below  the  values  reported  for  Series  E 
(and  Serles^A).  ^ 
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Impact  strengths,  on  the  other  hand  (Table  27),  agree  well  with  those 
found  for  Series  E,  though  they  too  Me  below  the  range  found  for  Series  A. 

In  short,  the  b I mode  I blends  mev  Indeed  show  some  deviations  from 
the  behavior  for  other  epoxy  resins,  but  the  differences  are  small.  The 
greatest  deviation  noted  was  for  specimen  F-4,  which,  as  noted  above, 
appears  to  be  anomalous  In  other  respects, 

f > Correlation  of  Tensile.  Impact,  and  Fatigue  Data 

In  any  attempt  to  correlate  mechanical  data,  the  basic  differences 
In  tests  must  be  kept  In  mind.  Thus,  tensile  tests  are  run  at  low  rates 
using  unnotched  specimens,  Impact  tests  are  run  at  high  rates  using.  In 
this  case,  bluntly  notched  specimens,  and  Kj,  tests  are  fast  using  sharp 
notches.  It  must  also  be  kept  In  mind  that  various  parameters  may  act  In 
opposing  ways;  for  example,  plasticization  tends  to  enhance  elongation  but 
to  weaken  the  material  as  well. 

An  example  of  the  competitive  effects  may  be  seen  In  the  case  of 
series  A.  As  discussed  above,  Increases  monotontcal ly  by  a factor  of  2 
as  the  amlne/epoxy  ratio  Is  Increased,  while  o.  first  decreases  and  then 
Increases.  The  question  of  Griffith's  (60)  critical  flaw  size,  a^  was  also 
of  Interest,  To  evaluate  relative  changes  In  a as  stoichiometry  was  varied, 
values  of  a.  were  estimated  from  the  following  equation: 

^c  " °u 

where  a ■ the  radius  of  a hypothetical  disc-shaped  flaw  embedded'in  a 
tensile  specimen,  with  the  plane  of  the  disc  perpendicular  to  the  tensile 
axis.  In  this  simple  example,  o , Is  taken  to  be  the  smooth-bar  tensile 
strength  and  K-,  the  fracture  toughness.  While  an  actual  flaw  may  not 
correspond  to  this  model,  the  trend  nf  the  calculated  values  will  not  be 
affected. 

Calculations  with  series  A show  that  b_  Increases  monoton  I ca  1 1 y from 
32pm  to  Ulpm  os  the  amlne/epoxy  ra+lo  Is  Increased  from  0.7  to  2.0.  Values 
of  a.  for  series  E range  between  72pm  and  337pm,  depending  on  the  epoxy  mole- 
cular weight.  These  values  are  In  the  range  of  sizes  of  heterogeneities 
observed  by  the  SEM  (see  section  VIII). 

-Several  correlations  do,  however,  pose  special  problems.  Why  In 
series  A does  Impact  strength  rise  and  then  fall  as  the  amlne/epoxy  ratio 
Is  Increased?  It  Is  difficult  to  see  why  the  decrease  would  occur  when 
(and  hence  the  resistance  to  growth  of  a crack)  Is  Increasing.  Also,  why 
should  the  modulus  Increase  In  amine  and  epoxy-rIch  compositions?  No  clear 
answer  Is  evident. 
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SECTION  V<ni 

MORPHOLOGY  AND  NETWORK  MODELS 


At  Introduction 


Since  the  properties  of  thermoselting  polymers  depend  on  their  network 
structures,  the  morphology  of  such  polymers  has  long  been  a subject  of  con- 
siderable theoretical  and  practical  Interest  [for  a recent  review,  see  Morgan 
and  O'Neal  (15)].  Thus,  It  Is  well  known  that  the  tensile  strength  of  thermo- 
set  resins  Is  less  than  predicted  theoretically  on  the  basis  of  the  breakage 
of  primary  or  van  der  Waals'  bonds  (59),  and  It  was  proposed  long  ago  (76) 
that  the  discrepancy  was  due  to  the  rupture  of  weak  regions  created  during 
network  formation.  Indeed,  It  has  been  shown  (23)  that  high  Internal  stresses 
can  be  developed  during  curing,  especially  when  the  curing  rate  Is  low.  This 
view  of  the  role  of  structural  defects  Is  also  given  credence  by  modern 
theories  of  fracture  mechanics  (31),  which  emphasize  the  concept  of  the 
concentration  of  stress  at  a flaw  (see  section  VII). 

Other  Investigators  [9,22,23,59,76,79,80;  see  also  other  references 
cited  by  Morgan  and  O'Neal  (15)]  have  emphasized  a view  of  the  network  as 
essentially  a composite,  with  a h I gh-crossi Ink-density  (essentially  spherical) 
phase  (often  considered  as  a microgel)  embedded  In  n I ess-cross  I Inked  mntrl»(. 
In  fact.  It  Is  probably  generally  accepted  that,  regardless  of  specific 
details,  the  curing  of  thermosets  results  In  an  Inhomogeneous,  two-phase  net- 
work. Inhomogenelty  has  been  attributed  to  compatibility  problems  or  non- 
optimum  curing  conditions  (59),  but  has  also  been  proposed  to  be  Inherently 
characteristic  of  gelling  systems  (76). 

The  existence  of  In homogeneities  has  been  Inferred  from  results  of 
diverse  Investigations  using  many  iechniques.  Including  electron  and  optical 
microscopy,  thermomechanlcal  measurements,  differential  swelling,  and 
differential  scanning  calorimetry.  Dispersed  phases  have  been  referred  to 
by  such  terms  as  "micelles,"  "globules,"  "floccules,"  "nodules,"  and 
"microgels."  In  this  study,  the  term  "microgel"  will  be  used. 

In  general,  two  levels  of  sizes  have  been  reported  In  the  literature— 
one  (type  A)  ranging  from  lOnm  to  40nm,  and  the  other  (type  D)  from  20uni  to 
200um.  It  has  also  been  shown  (23)  that  slow, curing  rates 'hesul t In  larger 
microgels  (type  B)  which  result  in  a network  having  higher  Tg,  density,  and 
resistance  to  etching.  The  surface  properties  of  the  network  depend  on  the 
surface  energy  of  the  mold  material  and  on  the  atmospheric  environment  (22, 
25).  The  size  and  density  of  these  microgels  have  also  been  related  to  the 
presence  of  plasticizer  (81),  radiation  damage  (82),  prolonged  exposure  to 
heat  (83)  and  aging  of  the  resin  (84). 
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Studies  (25)  have  also  shown  that  certain  substrates  such  as  teflon 
and  silicone  mold  release  acjent  give  featureless  surfaces,  but  subsequent 
etching  of  the  sufaco  show  the  two-phase  structure  (25).  MIcrotomed  thin 
sections  and  amall-angle  X-ray  scattering  fall  to  Indicate  two-phase 
structures  (17),  probably  because  the  electron  density  of  the  dispersed 
phase  and  the  matrix  are  not  sufficiently  different. 

Both  low  tensile  strengths  and  nodular  morphology  In  thermosets 
have  been  theoretically  related  to  differences  In  crosslink  density  (22, 

76, BO).  At  the  same  tlifie,  the  fact  that  the  yield  strength  of  some  epoxies 
Is  fairly  independent  of  stoichiometry,  has  been  attributed  to  the  role  of 
microgels  as  primary  flow  particles  (15). 

In  this  study,  morphology  was  examined  as  a function  of  stoichiometry, 
molecular  weight  of  the  epoxy  prepolymer  and  distribution  of  Me  In  blends. 
Results  are  discussed  below  and  Implications  proposed  with  respect  to  model 
behavior. 

6.  Experimental  Details,  Results  and  Discussion 


e.  Morphological  Studies. 

Various  etching  techniques  were  tried  to  study  the  micro-  or 
macro-structure  of  epoxy  networks  ("macro-"  Implying  a morphological 
feature  on  a scale  of  pm  or  larger).  Surfaces  (not  fracture  surfaces) 
of  sample  E-2  were  etched  with  HF  acid  for  30  minutes,  with  acetone  for  15 
days,  with  argon  at  high  voltage  under  vacuum  for  10  hrs,  and  with  a 
molal  aqueous  solution  of  Cr-O,  (17)  at  80OC  for  7 hrs.  The  etched 
samples  were  examined  under  The  SEM.  Of  all  the  methods  Cr^O,  etching 
proved  to  be  the  most  effective.  Argon-ml 1 1 Ing  did  produce'^some  effects 
but  not  as  extenslvel/  as  Cr-O,  etching.  Then  the  effect  of  etching  time 
was  studied  on  sample  E-7  wlTh^a  molal  aqueous  solution  of  Cr^O,  at  80®C. 
The  specimens  were  examined  after  soaking  for  1/2  hr,  I hr,  2'^hrs,  4 hrs, 
and  7 hrs,  respectively.  It  was  observed  that  I hour  was  not  sufficient 
to  etch  the  surface.  As  shown  In  Figure  42,  progressive  etching  revealed 
a very  Interesting  macrostructure  with  feature  sizes  of  "v  10-40  pm. 

Chemical  etching  renders  the  less  coherent  polymer  constituents 
more  soluble  In  water  without  appreciably  affecting  the  solubility  of  the 
high  molecular  weight  material.  If  the  high  molecular  weight  material 
Is  connected  by  weak  bonds  to  the  matrix  then  these  weak  bonds  would  be 
attacked  first  thus  etching  out  the  unattached  high  molecular  material 
first,  before  etching  the  low  molecular  weight  matrix.  To  study  the 
mtcrostructure  of  the  cured  rosins,  using  a two-stage  replication  technique, 
an  etching  time  of  4 hrs.  was  found  more  convenient.  Replicas  made  from 
7-hr-etched  surfaces  caused  experimental  difficulty  on  the  microscope. 

Samoles  of  Series  A,  E and  F were  etched  for  4 hrs.  at  80®C  In 
a molal  aqueous  solution  of  Cr_0,,  and  two  stage  replicas  were  made  to 
study  the  fine  structure.  Similar  samples  wer'e  also  etched  for  7 hr  In  the 
some  medium  to  bo  scanned  under  the  scanning  electron  microscope  (SEM)  to 
determine  the  gross  morphology.  Details  are  discussed  Lelow. 


I . Sorlos  A (Vtirylng  Stoichlome-try) 


Examination  under  tho  SEM  (Figures  43  and  44  ) revealed  a two-phase 
‘.jl'iijcturc . Dimples  were  observed  on  the  surfaci?,  the  dimple  sko  Increas- 
ing with  the  amount  of  MDA  In  the  amine-excess  region,  samples  having  an 
epoxy  excess  appeared  to  bo  smoother  than  samples  which  have  similar  M 
but  an  excess  of  amine.  The  sizes  of  these  phases  varied  irom  lOpm  to^'TOpm 
depending  on  the  percent  excess  of  reactant&  In  agreement  with  sizes  reported 
by  Cuthrel I (22).  It  was  also  observed  that  above  an  amlne/epoxy  ratio 
of  1.6/1  the  morphological  difference  was  negligible. 

The  two-stage  replicas  examined  with  the  transmission  electron 
microscope  (TEM)  also  revealed  the  existence  on  a much  finer  scale  of 
two  phases  (Figure  45).  It  should  be  noted  that  dimples  on  a 
two-stage  replica  represent  elevations  or  nodules  on  the  actual  surface 
and  vice-versa.  The  replicas  showed  nodules  on  the  surfaces,  corresponding 
to  dimples  on  the  polymer  surface,  as  described  by  Raclch  and  Koutsky  (25). 

(One  must  be  very  careful  In  Interpreting  statements  about  features  seen 
In  replicas.  A nodule  In  a two-stage  replica  arises  from  a dimple  on  the 
polymer  surface}  In  turn,  the  dimple  may  reflect  the  popping  out  of  a 
polymer  nodule.)  The  phase  sizes  were  found  to  be  In  the  range  of  20nm 
to  200nm,  It  was  also  observed  that  as  the  amount  of  amine  was  Increased 
from  equal  stoichiometry  the  phases  Increased  In  average  size.  The  epoxy- 
excess  samples  had  smalier-size  domains,  In  any  case. 

2.  Series  E (Commercial  Resins,  Varying  Prepolvmer) 

In  these  cases  also  (Figures  42,  46,  47),  a two-phase-structure  was 
found.  A marked  difference  In  morphology  was  also  observed  to  exist  In  the 
specimens  from  liquid  resins  as  compared  to  those  from  solid  and  semi-sol  Id 
resins.  In  the  samples  from  solid  and  seml-solld  resins,  highly  crossi Inked 
shells  were  obaerved  encapsulating  I ess-cross  1 Inked  material, 

It  was  also  observed  that  the  morphology  was  similar  throughout  the 
thickness  of  the  samples  (Figure  48).  Also,  the  In homogeneity  did  not  arise 
from  poor  mixing  for  casting  from  acetone  solutions  yielded  similar  behavior. 
(In  this  case,  using  a fraction  of  Epon  1001  obtained  by  precipitation  from 
solution  by  adding  nonsolvent.)  The  discontinuous  phase  size  was  found  to 
Incroase  with  Increasing  molecular  weight  of  the  prepolymer.  The  volume  of 
the  continuous  phase  was  found  to  decrease  with  Increasing  molecular  weight 
of  the  prepolymer,  Tho  domajn  sizes  of  the  large  discontinuous  pjiase  were 
found  to  be- In  the  range  of  lOpm.to  TOpm  depending  on  the  type  of  prepolymer 
used. 


It  was  observed  that  all  the  samples  made  from  the  solid  prepolymers 
had  nearly  the  same  fine  structure  having  the  discontinuous  phase  In  the 
range  of  lOnm  to  20nm. 
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Figure  48.  Electron  micrograph  of  Epon  1001/MDA  epoxy  (E-5)  otchecl 
for  7 hr  In  aq.  Cr203.  A and  B,  cross-SGctlon  area; 

C,  surface;  D,  resin  cast  using  an  acetone  solution  of 
a fraction  of  Epon  1001. 
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3.  Series  D (Cured  with  Versamid  40). 


These  samples  also  appeared  to  have  a morphology  similar  to  the 
samples  mentioned  above  (Figure  49),  The  size  of  the  discontinuous  phase 
was  much  larger  because  It  had  a higher  M^.  and  lower  glass  transition 
temperature  ('vSO^O,  and  hence  was  etched  out  much  more. 

4,  Series  F (Blmodal  Blends) 


In  these  cases  (Figs.  50-52),  the  gross  morphology  appeared  smoother 
and  different  from  their  equivalent  counterparts  of  series  E.  However,  the 
fine  structure  did  not  look  much  different  from  that  for  the  equivalent 
counterparts  of  series  E. 

5,  Isolation  of  Mlcrooel 

To  determine  whether  the  dimples  observed  In  SEM  4 TEM  were  due  to 
the  extraction  of  higher  molecular  weight  material  (I.e.,  clumps  of  micro- 
gels)  or  of  lower  molecular  weight  phases,  the  following  experiments  were 
done, 

Samples  of  E-2  and  E-5  were  dissolved  before  gelation  In  acetone. 
Since  E-2  has  a much  longer  gelation  time  than  E-5  It  was  dissolved  In 
acetone  after  curing  at  60°C  for  .50  minutes  and  at  80®C  for  another  15 
minutes.  On  the  other  hand,  sample  E-5  was  dissolved  In  acetone  after 
curing  at  100®C  for  only  10  minutes.  The  solution  was  dllute_d  to  100  ppm 
and  electron  microscope  grids  were  made.  Similarly  the  cured’  films  of 
these  resins  were  cut  Into  small  pieces  and  etched  In  a 1-molar  solution 
of  Cr203  at  70°C.  The  etching  solutions  were  then  diluted  and  electron 
microscope  grids  were  prepared.  Electron  micrographs  are  shown  In  Fig,  53, 

In  both  cases  microgels  were  observed,  Indicating  that  microgel 
formation  takes  place  before  gelation  and  that  the  microgels  are  dis- 
persed and  loosely  connected  to  a weaker  continuous  phase  and  creating 
the  holes  on  the  surface  observed  earlier.  This  experiment  also  made  It 
clear  that  the  discontinuous  phase  (though  etched  out  first  as  clumps) 

Is  composed  of  microgals  which  are  stronger  than  the  continuous  phase, 

It  Is  the  connections  between  the  aggregates  that  are  weak.  The  size  and 
number  of  these  gels  keep  on  Increasing  till  the  viscosity  becomes  high 
enough  for  gelation  to  take  place. 

6.  ConcI usions 


Clearly  small  microgels  ('ulOO  nm)  are  formed,  even  before  gelation. 
The  particles  appear  to  be  embedded  In  a matrix  of  lower  crosslink  density, 
though  they  may  also  aggregate  together.  In  the  case  of  solid  prepolymers, 
an  additional  phase  Is  present:  shells  of  highly  crossi Inked  resins  In  a 
matrix  of  lower  crossi Ink  density,  but  containing  material  of  still  lower 
crossi Ink  density. 


Figure  49. 


Scanning  electron  micrographs  of  Epon  828/Ver3anil d 40 
epoxy  (described  In  reference  49;  contained  glass  beads) 
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f f-lnuro  53.  Electron  micrographs  showing  rtilcrogel  particles 

! from  epoxies  (using  formulations  tor  E-2  and  E-5). 

f A and  0 show  gel  particles  etched  out  from  cured 

i epoxy  by  aq.  Cr20^  after  4 hr  at  70°C.  C and  D 

i;  show  mlcroqol  Isolated  prior  to  gelation. 


M(.Hlel  for  Network  Formation; 


! 


i!; 


Even  though  paradoxical  behavior  still  exists,  It  Is  Interesting  ■ 

to  speculate  on  what  kind  of  model  network  would  be  reasonably  consistent  ') 

with  the  morphological  and  property  data  at  hand.  The  principal  points  j 

to  consider  Include  the  following  questions;  the  basic  morphological  j 

unit  or  units,  the  phase  continuity,  and  the  crosslink  density  and  other  | 

properties  of  the  various  eutitles.  • 

\ 

t 

First,  electron  microscopic  evidence  shows  that  microgel  particles  i 

from  prior  to  gelation  (Fig.  53),  both  with  low  and  hlgh-irolecular-welght  1 

epoxies,  and  with  epoxy  and  amlne-rich  systems.  CEven  with  on  excess  of 
amine,  Insoluble  and  cross  linked  polymer  Is  formed,  presumably  because  I 

of  reaction  of  some  secondary  amine  groups  (46).]  This  conclusion  Is  In 
accord  with  the  suggestion  of,  for  example,  Bobalek  et  al.  (80). 

These  particles  should  have  sizes  of  the  same  order  of  magnitude, 
though  they  may  tend  to  be  somewhat  larger,  the  higher  the  prepolymer 
molecular  weight,  as  predicted  theoretically  (76).  As  curing  proceeds, 
the  number  of  particles  Increases  until  they  begin  to  Impinge  on  one 
another.  Then,  In  part  due  to  capillary  forces  which  will  encourage 
physical  sintering,  and  In  part  due  to  the  reaction  of  unreacted 
functional  groups,  the  particles  first  agglomerate  In  clumps  and  then  fuse 
together  with  concomitant  phase  Inversion,  In  effect  this  model  adds  an 
agglomeration  step  to  the  model  proposed  by  Bobalek  et  al,  (76)  (see  Fig. 

54),  The  formation  of  large  aggregates  Is  compa+tble  with  the  critical 
flaw  size  found  In  section  VII, 

Now  we  propose  that,  at  least  In  some  cases  (such  as  when  one 
component  Is  In  excess),  a separate  phase  may  collect  In  the  Interstices 
and  ultimately  undergo  polymerization  (with  second-stage  microgel  formation) 
giving  In  effect  an  Interpenetrating  network.  When  co-sol ubi I Ity  Is 
especially  low,  as  with  the  solid  epoxy  resins,  the  first  continuous 
network  formed  may  actually  establish  a skin  within  which  curing  proceeds 
again,  with  secondary  microgel  formation. 

In  any  case,  the  ncfwork  which  reacts  first  will  (If  analogous 
to  the  case  of  Interpenetrating  networks  - see  section  V)  should  dominate 
properties,  ovon  for  the  same  average  M^.  Also  this  network  will  have 
more  time  to  coalesce  and  enhance  Its  contlnuljy. 

With  a high-molecular  weight  epoxy,  microgel  formation  should  be 
completed  early.  Large  aggregates  may  bo  formed,  but  the  connections  may 
bo  Inherently  weak.  With  an  excess  of  amine,  microgel  should  again  be 
formed  early,  but  the  plasticizing  effect  of  the  amino  may  enhance  the 
development  of  enhanced  continuity. 


.1 
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Whether  the  crltlcnl  flaw  size  corresponds  to  the  aqqregates  first 
foniiod  prior  to  phaso  invorsloti,  or  whether  It  corresponds  to  the  In- 
clusions Is,  of  course,  not  known.  Indeed,  the  reality  of  a flaw 
corresponding  to  the  calculated  value  of  a_  Is  not  proven.  Nevertheless, 
the  close  agreement  between  microscopic  evidence  and  the  computed  flaw 
size  Is  strongly  suggestive  of  a correlation. 

Now  as  the  amine  content  Is  Increased,  the  overall  plastic 
deformation  will  be  Increased  due  to  the  plasticizing  character  of  the 
amine,  while  the  modulus  E Is  not  decreased  (In  fact,  Increased).  Hence 
S and  Increase.  E Itself  may  well  Increase  due  to  enhanced  continuity 
of  the  network.  At  the  same  time  the  flaw  size  Increases,  but  not  as 
fast  as  S so  that  tensile  strength  actually  Increases  a little,  But  with 
an  epoxy  excess,  the  decreased  flew  size  (corresponding  to  smaller  aggregates) 
more  than  balances  out  the  lower  value  of  S so  that  strength  again  In- 
creases. However,  the  toughness  otherwise  seen  at  high  amino  contents  Is 
vastly  reduced  by  the  high  loading  rate  In  Impact,  while  with  epoxy 
excess,  the  smaller  flaw  size  Is  able  to  delay  fracture. 

When  the  molecular  weight  of  the  epoxy  Is  Increased,  different 
behavior  occurs.  The  Inherent  S of  epoxy  components  Is  low  compared  to 
that  of  amine,  and  hence  tensile  strength  does  not  Increase  and  Impact 
strength  decreases. 

With  broad  distributions  such  as  In  the  bimodal  blends,  the  properties 
will  be  determined  by  the  dominant  component.  If  It  Is  o hlgh-molecular- 
welght  resin  (which  Is  more  reactive)  this  network  will  dominate,  Tg  will 
be  low,  perhaps  because  the  Initial  fast  reaction  yields  a rather  weak 
network.  At  Intermediate  concentrations,  a Judicious  balancing  may  occur, 
and  properties  may  be  governed  by  the  low-molecular-welght  component. 

Although  this  discussion  is  clearly  speculative,  It  does  explain 
some  of  the  behavior  noted,  and  suggests  Ideas  capable  of  testing  In  the 
laboratory. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


A.  Model  Networks 


a.  Conclusions! 

Based  on  research  to  date,  the  following  conclusions  may  be  made! 

(1)  The  Millar  IPN  networks  exhibit  a distinct  segregation  from 
each  other.  The  first  synthesized  network  Is  more  continuous  In  space 
than  the  second  synthesized  network.  Electron  microscopy  shows  that 
the  domains  are  60-100°  In  size. 

(2)  The  results  of  the  polyityrerie/pol ystyrene  Millar  IPN's 
study  bear  strongly  upon  many  types  of  ordinary  single  networks,  such 

os  the  thermoset  plastics.  The  results  suggest  that  the  first  portions- 
of  any  polymer  to  reach  the  gelation  stage  (when  polymerized  and  cross- 
linked  simultaneously)  may  be  more  continuous  In  space  than  (accidently) 
later  portions.  If  the  kinetics  of  polymerization  and  crosslinking 
differ  slightly,  the  drift  In  composition  will  have  significant  effects 
on  mechanical  properties  such  as  creep. 

b . Recommendations  for  Further  Work: 

(1)  The  findings  for  the  PS/PS  Millar  IPN's  should  be  verified 
by  other  experiments,  and  broadened  In  scope.  Careful  experiments,  such 
as  Interruption  of  a single  network  synthesis,  altering  the  crosslinker 
concentration,  and  completion  of  the  polymerization  ought  to  be  carried 
out,  as  such  experiments  will  elucidate  -the  nature  and  extent  of  domain 
separation. 

(2)  The  relationship  between  Millar  IPN's  and  their-  respective 
homopolymors  needs  exploration.  Exactly  what  Is  the  extent  of 
segroga-flon  between  early  and  late  polymerized  polymer  In  a single 
network  (or  thermoset  plastic)  synthesis?  - . 


f ■ B.  Epoxy  Networks 

t 

li.  a.  Conclusions: 

I*  • ' 


i-: 

E 


Based  on  research  so  far,  the  following  conclusions  may  ho  mndo: 

(1)  Satisfactory  experimental  techniques  have  been  developed  for 
the  synthesis  of  bIsphenol-A-epoxy/MDA  and  bisphenol -A-epoxy/polyamido 
resins  wPlh  the  following  variations  In  cross  I 1 nkl ng:  variable  M^  (by 
changing  stoichiometry  or  molecular  weight  of  the  epoxy);  and  variable 


II 
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distribution  of  iby  blending  epoxies  of  different  molecular  weights), 
Attainment  of  essentially  complete  curing  has  been  demonstrated. 

12)  Standard  techniques  have  bean  used  to  determine  the  following: 
stress-strain  behavior;  viscoelastic  response  (using  the  Rheovlbron 
e I asto viscometer);  stress  relaxation;  swelling;  response  to  differential 
scanning  calorimetry;  and  morphology  (using  high-resolutlon  electron 
microscopy  by  replica  and  transmission  techniques,  and  scanning  electron 
microscopy).  Also,  a standard  fatigue  fracture  technique  was  successfully 
modified  to  conveniently  determine  the  quasi-static  fracture  toughness 
and  fatigue  crack  propagation  rates  as  a function  of  stress  Intensity 
factor  range  and  any  other  fatigue  variables  of  Interest. 

(3)  Thus  a precise  baseline  of  viscoelastic  and  fracture  response 
has  been  established  for  use  In  comparing  the  effects  of  any  desired 
variation  In  composition  or  network  structure. 


(4)  Viscoelastic  responses  are  usually  well-behaved  functions  of 
Mj,  In  typical  epoxy  systems.  Various  viscoelastic  parameters  depend  In 
a quite  regular  fashion  on  whether  a given  value  of  Is  achieved 
by  changing  stoichiometry  or  by  changing  the  molecular  weight  of  the 
epoxy  - the  latter  correia+lon  being  apparently  new.  As  the  degree  of 
crosslinking  Is  increased  the  following  parameters  are  Increased  In 
conformity  with  expectation:  Tg  (or  !„)  To,  the  rubbery  modulus,  the  a 
0 transitions,  and  the  creep  retardation  time.  However,  the  absolute 
values  of  Tg  are  higher  than  reported  by  others  using  similar  curing 
conditions. “ The  following  parameters  are  decreased  by  Increasing  cross- 
linking:  the  magnitude  of  tan  6 at  Its  maximum  value  near  T-;  and  the 
slope  of  the  modulus-temperature  curve  at  Tg.  In  the  case  of  the 
transition  slope,  the  relationship  depends  on  whether  or  not  the  amine 
or  epoxy  Is  In  excess.  Quantitative  correlations  were  made  for  series 


and 


E resins  between  and  T-,  Young's  modulus,  rubbery  modulus,  and  tan 
^max'  correlations  should  be  of  Interest  for  the  convenient 

characterl  iatlon  of 


(b)  The  swelling  ratio  and  the  soluble  fraction  are  systematical  I y 
decreased  by  increased  cross  I ink Ing,  as  expected,  though  results  are 
more  variable  than  the  viscoelastic  results.  Swelling  tests  were  also 
iTKire  difficult  to  perform  than  viscoelastic  or  mechanical  tests. 


(6)  In  general,  broadening  the  distribution  of  at  constant 
average  had  no  significant  effect  on  swelling  or  viscoelastic  response. 
However,  possibly  significant  variations  were  noted  In  swelling  and  In 
the  slope  of  the  modulus-temperature  curve  for  blends  of  epoxies  with 
widely  differing  molecular  weights.  In  one  particular  blend,  Tg  and  the 
retardation  rime  were  significantly  lower  than  for  control  specimens, 
oven  though  no  evidence  for  Incomplete  curing  was  found. 

(7)  Thus,  unless  a distribution  of  Is  very  broad,  viscoelastic 
behavior  Is  determined  by  M(,,  whether  a given  Is  obtained  by  changing 
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stoichiometry  or  prepolymer  itolecular  weight.  Thus  testing  for  should 
characterize  viscoelastic  responses  rather  well.  Indeed,  excellent 
correlations  were  obtained  commercial  resins  between  and  Tg,  Young's 
modulus,  rubbery  modulus,  tan  6|^ax»  creep  retardation  time  x.  Since 
Tg  can  bo  obtained  vory  quickly  By  a variety  of  tests,  and  since  both 
Tg  and  t are  very  sensitive  to  M^,  use  of  these  parameters  In  routine 
testing  fcr  consistency  of  epoxy  viscoelastic  behavior  Is  recommended. 

(8)  In  contrast  to  results  reported  by  others,  fracture  toughness, 
Kq,  is  a smooth,  linear  function  of  the  amlne/epoxy  ratio  from  less-than- 
to  greater-than-stolchlometrlc  amine  contents.  AM  specimens  are  quite 
brittle,  with  values  of  1C  ranging  from  about  1.1  (excess  of  amine)  to 
0,6  (excess  of  epoxy)  MPam,  The  stress  Intensity  factor  range,  AK, 
required  to  drive  a crack  at  constant  velocity  under  cyclic  loading 
behaves  In  a generally  similar  fashion,  while  the  slope  of  the  curves  of 
crack  growth  rate  per  cycle  vs  AK  also  appears  to  be  Independent  of  the 
stoichiometry  range  of  excess  amine.  (Until  this  study  FCP  behavior  does 
not  appear  to  have  been  described  as  a function  of  composition.)  Fracture 
toughness  Is  also  Increased  by  Increasing  the  prepolymer  molecular  weight. 
Increasing  the  breadth  of  distribution  In  Mg  has  little  or  no  effect, 
except  In  one  case  of  an  exceptional ly  broad  (presumably  bimodal) 
distribution,  which  showed  an  exceptionally  high  K_  - 1.5  (but  an  anomalous 
I V low  Tg)  . 

(9)  Curiously,  Young's  moduli,  tensile  strength,  and  elongations 
(at  break)  Increased  as  stoichiometry  deviated  from  an  equality  of 
functional  groups,  while  Impact  strength  and  energy- to- break  tended  to 
decrease,  fodulus,  Impact  and  tensile  strengths  were  decreased  by  In- 
creasing prepolymer  molecular  weight.  Again  an  anomaly  was  noted  with 
very  broad-dlstrlbutlon  specimens,  whose  tensile  strengths  tended  to  be 
lower  than  those  of  the  controls. 

(10)  Scanning  and  transmission  electron  microscopy  (of  etched 
surfaces)  reveal  id  a variety  of  morphological  features,  including  mlcrogol 
particles  (''MOO  nm  In  size),  aggregates  (-vAO  pm  In  size),  and,  In  the 
case  of  solid  epoxy  prepolymers,  high-cross  I Ink-density  skins  around  the 
aggregates.  The  sizes  of  the  largo  aggregates  varied  with  Mj,;  an 
effect  of  Mj,  on  microgel  size  was  not  established.  Primary  tests 
showed  that  these  features  did  not  arise  from  poor  mixing,  butmust 

have  come  about  during  curing.  It -was  als_o  shown  that  the  microgel  - - 
particles  are  formed  prior  to  the  gal  point. 

(11)  Based  on  the  electron  microscopic,  viscoelastic,  and 
ultimate  mechanical  property  data,  a model  may  be  proposed  (similar  In 
some  respects  to  models  previously  suggested  by  others,  and  different 
In  others)  to  represent  the  curing  of  the  resins.  The  model  assumes 
that  microgels  form,  agglomerate,  and  undergo  phase  Inversion  - with 
Inclusion  of  material  crossi Inked  after  the  gel  point  to  give  In  effect 
a type  of  Interpenetrating  network.  This  model  could  be  used  to  explain 
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tentatively  at  least  some  of  the  experimental  facts,  though  further 
testing  and  refinement  Is  certainly  called  for.  Interestingly,  It  was 
possible  to  rationalize  the  conflicting  trends  In  tensile  strength  and 
fracture  toughness  by  considering  conflicting  trends  In  modulus,  fracture 
energy,  and  critical  flaw  size  - calculated  values  for  the  latter 
corresponding  (perhaps  fortuitously  well)  to  the  order-of-magnitude 
sizes  of  the  microgel  aggregates.  Again,  this  point  requires  further 
study, 

b . Recommendations  for  Further  Work! 

(1)  The  relative  Independence  of  most  behavior  on  the  distribution 
of  crosslinks  per  se  should  be  tested  using  a new  epoxy  system  which  Is 
free  from  some  of  the  experimental  difficulties  associated  with  con- 
ventional epoxy  prepolymers.  This  system,  already  used  by  Labana  et  al. 

In  soma  preliminary  studies,  consists  of  a copolymer  of  methyl 
methacrylate  with  glycldy/methacrylate.  By  changing  the  copolymer 
composition  and  polymerization  conditions  we  can  vary  the  average  spacing 
of  epoxy  groups  an^  the  prepolymer  molecular  weight  Independently. 

Blends  can  readily  be  made  for  curing  with  an  amine.  Emphasis  should  be 
placed  on  the  more  sensitive  properties  such  as  fracfure  toughness, 
creep,  and  T^. 

(2)  Gradients  In  actual  epw,.,  "'in  characteristics  should  be 
simulated  by  providing  a gradient  of  temperature  or  composition  during 
curing.  This  may  be  done  by  techniques  such  as  quenching  surfaces  or 
casting  layers  of  various  stoichiometries  together. 

(3)  The  effect  of  cure  tampereture  and  diluents  should  bo  examined 
In  more  detail  In  both  1 and  2.  Also,  the  kinetics  of  curing  should  be 
studied  In  detail  because  of  Its  relationship  to  eventual  morphology. 
Emphases  should  be  on  a statistical  approach  to  functional  group 
reactivity. 

(4)  In  all  cases,  the  detailed  morphology  should  be  studied  using 
SEM  and  replica  EM,  and  variable-time  (and  more  selective)  etching.  The 
size,  composition,  distribution,  phase  continuity,  and  volume  fraction 
of  various  components  should  be  determined,  and  correlated  with  kinetics 
of  curing. 

(5)  The  model  proposed  herein  should  then  be  tested  and  refined  by 
developing  a more  complete  picture  of  the  curing  process  and  by  learning 
more  about  the  relationships  between  the  microgel  particles  and  their 
aggregates,  and  phase  continuity.  Ultimately,  the  application  of 
quantitative  composite  relationships  Involving  modulus,  strength,  and 
phase  continuity  should  be  attempted. 


C6)  In  all  cases,  torsional  creep  relaxation  should  be  compared 
with  tensile  creep  to  determine  which  Is  more  sensitive  to  variations 
In  network  structure  per  se,  and  to  variations  In  composition  or  cure 
within  a specimen. 

Results  should  be  useful  In  (1)  confirming  what  basic  network 
factors  are  Important  to  the  behavior  of  a orossl Inked  matrix  or  adhesive 
and  (2)  developing  tests  for  uniformity  within  a given  resin  specimen. 
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